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A liquid tin anode+indirect carbon air fuel cell (LTA+ICFC) is a type of high+
temperature solid oxide fuel cell that allows to electrochemically convert carbonaceous 
fuels directly to electrical energy with a high theoretical efficiency. A LTA+ICFC, 
where the electrochemical reactions taking place in an electrochemical reactor are 
decoupled from the combustion process, offers a number of advantages over a direct 
carbon air fuel cell. The concept of Indirect carbon+air fuel cell is desirable because: (1) 
its theoretical thermodynamic efficiency is ~100.3% which is nearly independent of 
temperature: (2) the reaction product CO2 is generated and exhausted in the ‘ex+cell’ 
combustion reactor as a pure substance. This allows simpler recovery, capture, or 
sequestration of CO2 without the need for further complex separation processes, that 
would cost and consume energy: (3) a wide choice of carbonaceous fuels can be used: 
(4) trace elements in the fuels do not poison the electrolyte materials: and (5) the 
operating temperatures of the two separated reactors can be individually controlled 
enabling optimisation of different process rates and efficiencies and minimising voltage 
losses. 
 A number of LTA+ICFCs have been designed, constructed, operated and 
characterised to identify salient parameters necessary in the scale+up and 
commercialisation of this type of fuel cell. A high+density alumina ceramic was used as 
the liquid tin anode container which allowed extensive operation for more than 1,750 
hours. A closed+end tubular 10 mol+%YSZ electrolyte with the thickness of 1.57 mm 
was compatible with the liquid tin and was continuously operated for more than 360 
hours. The maximum power density of the fuel cell acquired at 800 °C was 1.3 mW.cm+2 
due to the relatively thick electrolyte. The effect of cathode fabrication methods, 
preparation conditions of the high temperature composite cathodes (LSM+YSZ and 
LSM), on their characteristics and function, have been studied. Suitable composite 
cathodes and current collectors were prepared and characterised using a four+point 
probe measurement, scanning electron microscopy, and image analysis software 
(ImageJ). 1D modelling of electrochemical processes and electrochemical 
characterisation using Electrochemical Impedance Spectroscopy of the operating LTA+
ICFC demonstrated the feasibility of the concept of an LTA+ICFC. A key observation 
was the formation of a tin oxide layer on the electrolyte due to the low dissolution rate 
of the formed oxide in the bulk of the liquid metal.  
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In 2011, the World primary energy consumption increased by 2.5% which is the 
average growth over the past 10 years [1]. That results in the increment of global CO2 
emission in 2011, but at a slower rate than in 2010. However, the global consumption 
growth in all regions decelerated for all fuels. While consumption in non+OECD (The 
Organisation for Economic Co+operation and Development) grew by 5.3%, OECD 
country consumption fell by 0.8%. The fastest+growing refined product category by 
volume was still middle distillates which is the seventh time in the past decade. 
Considering the ascent of energy consumption by fuels, it can be summed up as follows 
[1]:  
+ Oil: global oil consumption increased by 0.6 million barrels per day (b/d), 
or 0.7%, which among fossil fuels, this was the weakest global growth rate. Global oil 
production increased by 1.1 million b/d, or 1.3%, mainly in OPEC (Organization of the 
Petroleum Exporting Countries). Large production increased in Saudi Arabia, the UAE 
(United Arab Emirates), Kuwait and Iraq more than offsetting a loss of Libyan supply. 
+ Natural gas: natural gas was the fuel that consumption growth was below 
average, around 2.2%, in all regions except North America. It was due to low prices of 
natural gas. On the other hand, global natural gas production grew by 3.1% with the 
largest producer in the US (+7.7%) in spite of lower gas prices. But gas production in 
the EU was recorded the largest decline by +11.4% because of a combination of mature 
fields, maintenance, and low regional consumption. 
+ Other fuels: coal consumption increased by 5.4% in 2011, the strongest 
fossil fuel to record above+average growth, and the fastest+developing form of energy 
apart from renewables. Consumption rose outside the OECD by an above+average 8.4% 
but declined by 1.1% in OECD. Global hydroelectric output grew by 1.6%, the lowest 
growth since 2003. Renewable energy sources showed mixed results in 2011. 
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Renewable form of energy rose from 0.7% to 2.1% in energy consumption in 2001. 
Wind energy and solar energy which are renewable energy used in power generation 
grew by an above+average 17.7%. 
Due to the growth in population, the total demand of energy worldwide has 
risen by around 15% during the 21st century. This number is forecasted from the 
predicted number of population rapidly increasing from 2002 until 2030, and the trend 
of economic growth around the World. World energy demand is powerfully driven by 
not only population growth but also economic growth of China, India, and other 
countries [2]. The world population has increased by 1.6 billion people over the last 20 
years and predicted to rise by 1.4 billion in the next 20 years. Although population 
growth is trending down, economic growth is trending up. Moreover, the World’s real 
income has increased by 87% over the past 20 years and it is likely to rise by 100% 
over the next 20 years. Figure 1 demonstrates the vigorous relationship between energy 
consumption, income and population growth in different regions. It shows that the 
global consumption and production of energy will rise because of the increasing 





Figure 1.1: (a) Population growth (b) GDP (Gross domestic product) (c) Primary 





Figure 1.2: (a) World primary energy consumption by fuel (4) (b) Growth of world 
energy consumption categorised by sector and by fuel (2010+2030) (4) 
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The global energy demand will grow by 40% between 2009 and 2035, with the 
most increasing rate of natural gas and oil remains the leading fuel [5].  The global 
energy consumption is predicted to grow by 1.6% p.a. over the next 20 years, leading to 
39% of World consumption by 2030, with the most increasing rate of renewables 
(including biofuels) which are projected to rise at 8.2% p.a. 2010+30; among fossil 
fuels, gas will grow fastest by 2.1% p.a., oil the slowest by 0.7% p.a. [4]. Almost all 
(96%) of the growth is driven by non+OECD economies. Even though OECD total 
energy consumption is virtually flat, there are significant shifts in the fuel mix. For 
examples, renewables displace oil in transport and coal in power generation. The fastest 
growing sector, accounted for 57% of the projected growth in primary energy 
consumption, is the power sector. Coal remains the largest contributor to the growth of 
power fuels, accounting for 39% [4]. Power generation in industry sectors and other 
applications including residential, agricultural, and service sectors + based on all types 
of energy except oil + is projected to rise, especially relying on coal and gas+fired power 
generation. In China, the increase in demand for energy – for coal in particular, eclipses 
that of all other countries and regions due to its developing and emerging economy in 
the various industry sectors [5]. The contribution of all fuels in World energy primary 
consumption from 1990+2030 is presented in Figure 1.2(a) and growth of world energy 
consumption categorised by sector and by fuel is shown in Figure 1.2(b).  
In spite of increasing global primary energy demand, it appears that the world’s 
energy resources are adequate to meet the projected growth of this demand. Reserves of 
coal and natural gas are particularly substantial. Renewable energy sources are also 
abundant. But for power generation, coal is primarily considered as the energy vector 
with a projected increase in demand of as high as 90%  between 2000 and 2030 [6] (see 
graphs in Figure 1.3) due to the potential fall in the price of coal in relation to that of 
gas and the development of advanced coal technologies in the long term.  Nevertheless, 
due to ever more stringent environmental regulations introduced to combat climate 
change, investment in coal+fired power stations is discouraged in industrialised 
countries. In contrast, from 2000 to 2030, in developing countries and transition 











Figure 1.3: World primary coal demand by sector (2000 and 2030) [6] 
Table 1.1: Coal used in electricity generation, 2008 [7] 
Country % 
Africa  94 
Poland  93 
China  81 
Australia  76 
Israel  71 
Kazakhstan  70 
India  68 
Czech Republic  62 
Morocco  57 
Greece  55 
USA  49 
Germany  49 
In 2030, the World’s use of coal is projected to increase by over 60% especially 
in developing countries, accounted for around 97% of this growth [7]. The most 
important uses of the coal are electricity generation, steel and aluminum production, 
cement manufacturing, and use to produce liquid fuel feedstock, respectively. Table 1.1 
shows the amount of coal used for electricity generation in some countries worldwide 
in 2008 [7]. Coal plays an important role as a secure ‘energy supplier’ due to its several 
benefits such as its proved reserves which can last for more than 120 years (at the 
current rate of extraction). In addition, it is readily available from a wide range of 
sources worldwide with more stable prices. It can be easily stored and transported. Coal 
is also an affordable source of energy compared to oil and gas. In many countries, coal 
can be used as an alternative to oil in order to minimise risks from the oil price 
volatility. Almost 95% of total proved World coal reserves are mainly distributed in 
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thirds, one+third is located in North America (28.5%), dominated by the United States; 
one+third in Europe and Eurasia (35.4%), dominated by Russia; and one+third in Asia+
Oceania (31%), dominated by China, India, and Australia, respectively [1,8]. The rest of 
the total coal reserves are located in more than 60 countries; for example: Africa (<5%), 
which is a main source of wealth in South Africa: South America (2%) (see Figure 1.4). 
Even though, the world proven coal reserves are estimated to be about 860 billion tons, 
which would cover world requirements for around 122 years at the current rate of 
production, one should keep in mind that this number is subject to change depending 





Figure 1.4: World distribution of recoverable coal reserves, year+end 2011 [1] 
There are top seven coal producers accounted for 85% of world production 
including; China, the largest producer with 42% of extracted volumes; United States, 
the second producer with 18% of world output; Australia (6.6%); India (5.8%); Russia 
(4.6%); Indonesia (4.2%); and South Africa (4.2%) (see Figure 1.5) [8]. Since the coal 
production is projected to grow by about 51% over the next 20 years to meet rapid 
growth of coal consumption, it provides cause for environmental impact concern, 
especially CO2 (globally) from its combustion products mostly generated from current 








Figure 1.5: World coal production, in 2008 (6.8 Gt) [8] 
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Energy conversion systems are the principal source of pollution on our planet. 
In the industrialised countries, the electric power plants that convert chemical energy 
into electrical energy are the main producers of CO2 and SO2 emissions. Private cars, 
on the other hand, are the principal producers of CO and NOx emissions. The 
concentration of CO2 in the Earth’s atmosphere increased considerably since the last 
century as a consequence of industrialisation. This is considered the main reason for the 
greenhouse effect leading to an increase of the Earth’s surface temperature. Power 
plants and cars are important consumers of mineral oils and natural hydrocarbons, 
which have a higher potential as a raw material for the chemical industry than as fuel 
for, e.g. the production of electricity. Nowadays air pollution and the consumption of 
hydrocarbon resources are two of the main topics in politics and economics and 
regenerative energy sources are sought after.  
Almost half of the UK's carbon dioxide emissions come from energy we use 
every day + at home and when we travel. To generate that energy, fossil fuels (coal, oil 
and gas) are burnt and produce greenhouse gases + in particular carbon dioxide (CO2). 
Cars are a huge problem, but more CO2 comes from the energy used at home. The 
average household creates around 6 tonnes of CO2 a year, and it is that same CO2 that is 
changing our climate and damaging the environment. In 2011, total UK CO2 emissions 
were 456.3 million tonnes [9]. Around 40% of those emissions came from the energy 
supply sector, 26% from transport, and 15% from the business and residential sectors. 
Since the industrial revolution began around 200 years ago, more fossil fuels 
have been burnt + releasing more CO2 and other greenhouse gases in the process. This 
has increased the greenhouse effect, trapping more of the Sun's energy inside the 
atmosphere. In turn, the Earth's temperature has increased more rapidly in a shorter 
period of time than it has for thousands of years [10]. In order to implement the more 
stringent environmental regulations for coping with these environmental problems, coal 
industrial operators have developed the concept of ‘clean coal’ technology which 
contains three stages including; improving energy efficiency at power plants which 
would reduce the demand of coal, modifying and updating old power plants, and 
increasing intensity of research and development on carbon capture and storage (CCS) 




pollutions and prevent climate change to the atmosphere should be found as soon as 
possible. 
An alternative energy conversion technology, such as fuel cell technology, 
offers many attractive possibilities for reducing both, air pollution and the unselective 
consumption of precious chemicals. High temperature fuel cells convert the chemical 
energy of a fuel such as methane directly into electrical energy due to its high 
temperature of operation with high efficiency like a battery and much lower emission 
levels than any other energy conversion system. They can also provide many other 
advantages over tradition energy conversion system including reliability, modularity, 
fuel adaptability, and no need for an expensive, external reformer. Furthermore, some 
fuel cell types such as high temperature solid oxide fuel cells (SOFCs), if coupled with 
gas turbine to work as combustors, such hybrid SOFCs –gas turbine power systems can 
be expected to reach efficiencies higher than 70% [11]. 
Despite the well+known principal of fuel cell operation, the necessary 
technology for producing fuel cell systems of high efficiency, acceptable costs and at 
an industrial level has only been developed in the last few decades [12].   
Hydrogen fuel cells have been under development for many years, and are now 
nearing commercial applications. Yet the high+temperature hydrogen fuel cell provides 
a theoretical efficiency of less than 70%, and changes in H2 activity during 
consumption of the fuel limit practical utilizations to 75 to 85%. In contrast, a 
theoretical efficiency of 100% can be obtained from a carbon/air fuel cell at 700 to 800 
°C due to the advantage of having a near zero entropy change of the carbon/air fuel cell 
reaction (C + O2 = CO2) 
[13].  
The electrochemical efficiencies of SOFCs operated with different fuels are 
compared in Table 1.2 [14]. A comparison is made between carbon, hydrogen and 
methane as fuel; the associated theoretical efficiencies  ∆∆, fuel utilization factors 
(µ), voltage efficiencies , and net efficiencies are presented, respectively. In this 
context the net efficiency is defined as: 





Table 1.2: Comparison of efficiencies of fuel cells using synthetic or refined fuels. 









C 1.003 1.0 0.8 0.8 
H2 0.70 0.75+0.85 0.8 0.42+0.48 
CH4
a 0.89 0.75+0.85 0.8 0.53+0.60 
The concept of a carbon/air fuel cell is based on direct carbon conversion. The 
process is similar to that of a hydrogen fuel cell but differs in using carbon instead of 
hydrogen as a fuel. The fuel, carbon, would be in form of fine particulates (~100 nm) to 
facilitate mass transfer. Carbon would be distributed by entrainment in a flow of CO2 to 
the cell to form, for example, slurry of carbon in a melt + the melt being the anode of 
the fuel cell [11]. Because the carbon/air fuel cell sustains the reaction, C + O2 = CO2, a 
pure stream of CO2 would emerge. This would lead to facile sequestration of CO2 
without additional collection and separation costs. 
Despite the fact that the benefit of fuel cells is that they are not limited by the 
Carnot cycle efficiency [15] and have advantages, such as operating with higher 
efficiency, low noise and much less pollution, over power plants now in use, it is not 
widely recognized that fuel cells are also limited by specific thermodynamic factors of 
their own such as entropy and enthalpy of a given fuel cell reaction at an absolute 
temperature. Consequently, the differences between fuel cell and Carnot cycle 
efficiency are important to note for economic evaluation of the study of fuel cells. 
The Carnot maximum permitted efficiency: 
                                         η = ($%&$'$%                                                             (1.2) 
where T1 is the low temperature reservoir (usually air or water outside the plant) into 
which the plant exhausts waste heat, and T2 is the high temperature reservoir (usually 
steam heated by the furnace) from which the turbine obtains energy.  
In a modern power plant T1 is typically near 375 K and T2 is typically near 1375 
K. Thus the maximum theoretical efficiency is approximately 72% [15]. In today’s best 
design of coal fired power plants, the actual efficiency obtainable is approximately 40 
to 50% as a result of heat losses and waste in the plant’s machinery that reduce this 
maximum permitted efficiency.  Most existing plants have efficiencies around up to 
35% [15]. The theoretical maximum efficiency of the chemical to electrical energy 
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conversion that occurs within a fuel cell is given by \G/\H. Mathematically, the 
relationship between entropy, enthalpy, absolute temperature, and thermodynamic 
efficiency can be expressed as follows: 
      Maximum	eficiency = ∆∆ . 100%                                     (1.3) 
with                      ∆G = ∆H − T. ∆S                                       (1.4) 
where \G is the change in Gibbs free energy due to the chemical reaction in the cell, 
\H is the change in enthalpy due to the chemical reaction in the cell , \S is the change 
in entropy and T is the absolute temperature in Kelvin. 
In other words, the maximum efficiency can be written as 
   Maximum	eficiency = ∆&$.∆∆  . 100%                             (1.5)
                                      = 1 − $.∆∆  . 100%                            (1.6) 
As a result in situations where \S > 0, and \H< 0, The obtainable efficiencies can be 
even higher than 100% as long as an external source of heat is supplied [16]. 
For the reaction of solid carbon with oxygen, the value of the product of 
T\S/\H is a small negative number. The three values of T, \S, and \H contribute to 
this result as follows: T is always positive. \H is negative for the oxidation of carbon. 
\S is positive but small, because the reaction involves a mole of low entropy solid and 
a mole of high entropy gas combining to become one mole of high entropy gas. At 298 
K the value of T\S/\H for the oxidation of carbon is equal to negative 0.0022 [15]. 
According to this, thermodynamic factors favor a solid carbon fuel cell over other fuel 
cell designs because a combination of enthalpy and Gibbs free energy values make the 
reaction of solid carbon and oxygen one of high efficiency.  
Because of this high efficiency, a direct carbon fuel cell (DCFC) based power 
plant would produce about half the CO2 of conventional coal fired power plants per net 
MWh of power generated [17]. In comparison with a natural gas combined cycle it 
would produce about 25% less CO2, because it would operate at about 75% HHV 
efficiency, compared to 55% for a natural gas combined cycle (NGCC) power plant. 
Furthermore, it would be capable of using a solid fuel, which is projected to have a 
lower overall fuel cost per kWh of electricity produced. This is because a solid fuel 
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such as carbon can be used directly without transformation or synthesis hence saving 
the cost of production and transportation, unlike liquid or gas fuels. 
An economic evaluation can also be used to simply compare a carbon/air fuel 
cell with some other competitive power generation technologies such as NGCC, 
supercritical pulverized coal (SCPC), and Integrated Gasification Combined Cycle 
Power Plants (IGCC), Gas turbine/steam combined cycle is the main competitor to 
large solid oxide fuel cells (SOFC) or turbine hybrid systems in a view of cost+of+
electricity [18]. Yet, among the competitive power generation technologies, IGCC has 
been considered as a potential replacement for conventional coal fired generation since 
it produces much less pollutant emissions. Furthermore, IGCC is a combination of two 
key technologies: coal gasification, which creates a clean+burning gas (syngas); and 
combined cycle, which is the most efficient, commercially available method of 
producing electricity [16]. IGCC can also operate on the carbon contained in biomass, 
so, negative emissions as high as minus 1000 grams of CO2 per kWh could be obtained 
[19].   
Nonetheless, IGCCs are only moderately efficient, because they rely on the 
combustion of fuels; a significant amount of energy generated would be needed to 
capture the CO2, thus lowering the overall system efficiency of IGCC using carbon 
capture and storage (CCS). DCFCs in contrast are up to twice as efficient and would 
also allow the facile capture of CO2 
[19].   
Ron Wolk et. al. [17] have carried out an assessment of competitiveness between 
a new, simplified DCFC power plant and current fossil+fueled options such as NGCC, 
SCPC, and IGCC power plants using a simple calculation approach to determine where 
the cost of DCFC produced power would lie relative to currently commercial power 
generation option. The values used in their calculation for coal to bus bar, Higher 
Heating Value (HHV) efficiency, total installed plant capital cost, fuel costs, operating 
and maintenance (O&M) costs, and approximate added power costs for the addition of 
sequestration equipment are shown in Table 1.3. For simplicity the added cost of fuel 
for these plants where CO2 capture, liquefaction, and pressurization is utilized was not 
adjusted across the range of fuel prices.  
The additional cost for sequestration for the DCFC system was assumed at half 
of that for an IGCC system because both produce a concentrated CO2 stream and the 
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potential overall efficiency of the DCFC system is almost twice that of the IGCC 
system.  
Table 1.3: Parameter range for assessment of competitiveness of various technologies 

















NGCC 55 550 0+2 0.26 2.3 
SCPC 40 1280 0+2 0.99 3.3 
IGCC 45 1420 0+2 0.82 1.3 
DCFC 75 400+4000 0+6 ~1 0.7 (Assumed) 
According to this assessment: (1) small+scale, single cell experimental program 
to date has confirmed that DCFC electrochemistry completely converts solid carbon 
fuel by reaction with air to CO2 and electricity with 75+80 % efficiency; (2) preliminary 
and relatively simplistic analysis indicates that the cost of the DCFC section of the 
power plant projected by Lawrence Livermore National Laboratory (LLNL) is much 
lower than would be required for DCFC power plants to be competitive for small 
industrial plant distributed power generation market of 5+50 MW; and (3) if CO2 
emissions are implemented, then DCFC technology is more likely to become 
competitive for central station applications.   
Although there are no calculations showing the overall efficiency of capturing 
CO2 from biomass by using part of the electricity generated in a DCFC, it can be safely 
assumed that the process would be far more efficient than the same operation 
performed in an IGCC [19]. Moreover, there are other disadvantages of IGCC plants that 
need to be recognized [13]: to meet legislation and high environmental standards, a large 
economic investment in the operation and maintenance of the gas cleaning system is 
necessary. For instance, the costs of IGCC plants are between 10+20% higher than those 
for a natural gas fired combined cycle plant [20]; and plant reliability may be 
compromised by limited experience of the new technology.    
In summary, the important features of a carbon/air fuel cell for energy 
conversion are: 
• Comparatively simple to operate at efficiencies above 80%  
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• No requirement of explicit capture and recycle of heat associated with 
entropy reduction, and bottoming cycles to recover unreacted fuels  
• Not limited by Carnot cycle efficiency 
• The theoretical thermodynamic efficiency is calculated to be 100.3% and is 
nearly independent of temperature 
• The activity of carbon (a pure substance in its elemental state) is unity and 
invariant allowing the possibility of 100% utilization of the carbon fuel in a single pass  
• The CO2 produced is undiluted and its activity is also invariant. (This is not 
true for gaseous fuels that are continuously diluted with reaction products (for example, 
H2, as diluted by H2O or CO2 in IGCC plants, which will be diluted with some N2) 
• The reaction product CO2 is exhausted from the anode compartment as a 
pure substance allowing for recovery and disposal or utilization of CO2 without the 
need for further collection or separation that would add to cost and energy consumption 
Furthermore, if compared to other fuel cell types, DCFC technology has several 
potential benefits over other fuel cells as shown below: 
♦ It can use a wide variety of very abundant low cost carbonaceous fuels 
including gas, oil, coal, coke, tar, biomass and organic waste 
♦ DCFCs can operate directly on solid carbon fuel, which is stable, easy to 
store, handle and transport (compared to e.g. gaseous fuels) 
♦ DCFCs do not require the construction of an entirely new and expensive 
infrastructure + which is the case for hydrogen + nor do they lose the energy needed to 
turn fuel into gas 
♦ Unlike hydrogen or methanol fuel cells, DCFCs do not rely on costly noble 
metal catalyst such as platinum. This cuts costs, and should increase reliability. 
♦ DCFCs are much more efficient than any other type of fuel cell and power 
plant. The benefit of converting solid carbon to electricity enables the efficiency to be 
around 80% + well above that of other fuel cells, and double that of conventional steam 
power plants 
♦ When biomass is used as the feedstock, overall CO2 emissions are close to 




♦ If hydrocarbons are used as fuel, depending on the relative fuel feed rate vs. 
current density, syngas could be produced to be fed into the petrochemical industry for 
e.g. Fischer–Tropsch or methanol synthesis (liquid transportation fuel production) 
 
1.2 Project Rational, Aim and Objectives 
1.2.1 Project aim and objectives 
The overall aim of this project is to demonstrate the feasibility and develop the 
concept of an indirect carbon+air fuel cell, which has recently been patented by Imperial 
College London. An indirect carbon+air fuel cell, where the electrochemical function is 
decoupled from the combustion process offers a number of advantages over the direct 
carbon air fuel cell as discussed in 1.1. The concept of ‘Indirect’ carbon+air fuel cell is 
presented in Figure 1.6. Figure 1.6 demonstrates a schematic of the fuel cell coupled to 
‘ex+cell’ combustion reactor in which carbonaceous particles are oxidised to CO2 by 









Figure 1.6: Schematic of ‘indirect’ carbon+air fuel cell, coupled to combustion reactor, 
where carbonaceous particles are oxidised to CO2 by dissolved oxygen in molten metal 
Ex+cell oxidation (not within the electrochemical compartment) is desirable because: 
 The system will be far less sensitive to the type of carbonaceous fuel 
employed, unlike direct carbon fuel cells, requiring no fuel pre+treatment other than 
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particle size reduction, and could be fuelled by biomass, waste polymers etc. 
continuously in the combustion reactor 
 Due to application of a liquid metal anode, the design and construction of 
the electrochemical reactor can be made simpler than in direct carbon or solid oxide 
fuel cells 
 Electron transfer between flowing molten metal and powdered carbon fuels 
will be much more facile than between anode and carbon particles in a direct carbon 
fuel cell. Evolution of the CO2(g) product will enhance mass transport rates of dissolved 
oxygen from the bulk molten metal to carbon/liquid metal interface 
 Temperatures of the electrochemical and combustion reactors can be 
controlled separately, minimising voltage losses, and enabling optimisation of process 
rates and efficiencies 
 Gaseous products such as CO2 are generated in the combustion reactor, 
rather than in the electrochemical reactor, in which it could cause potential losses and 
distort current density distributions 
 Ash will be formed only in the combustion reactor, rather than in the 
electrochemical reactor, where it could cause voltage losses and other problems: e.g. 
3FeS2 + 10[O]l + 6C → Fe3O4 + 6COS 
 Because a carbon fuel will not be fed into the combustion reactor, the 
separation of unreacted carbon or its contaminants should be facile and the fuel cell 
operation will not be interrupted. 
 Waste polymers, biomass etc. can be used as a fuel. The hydrogen 
content contained in the fuels will be oxidised to water; at high temperature (>> 700 
°C), CO will be formed rather than CO2, and CO could then be converted to syngas via 
water+gas shift reaction (CO+H2O = H2 + CO2). This would make the proposed process 
even more flexible, and because of the mildly exothermic reforming reaction, would 
provide a means of controlling autothermicity.  
Despite all the benefits of a concept of ‘indirect carbon/air fuel cell, the key 
challenges found in the literatures are outlined. Since the core aim of the project is 
dedicated to only the electrochemical reactor, the challenges for the reactor will only be 
mentioned as follow: 
Minimisation of Ohmic losses: ohmic losses are the main loss of the fuel cell. In 
order to increase fuel cell’s performance the ohmic losses resulted from material 
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connections/interfacial contacts and bulk materials, and operating temperatures should 
be minimised. 
Design and construction of reactor and electrolyte: the electrochemical reactor 
should be designed to maximise the electrolyte / liquid metal anode interfacial area and 
do not possess complex features. The electrolyte structure should be compatible with 
the reactor configuration and facilitate the fabrication of composite cathodes. 
Furthermore, the design of the reactor should be easily modified; in case of the working 
conditions are changes which might need alterations of materials or cell components. 
Stability of materials including cell’s seal (e.g. o+rings) and miniature metallic elements 
under hostile conditions (temperature, molten metal, mechanical stresses, and erosion) 
also has to be considered. 
Choice of eutectic metal anode material: power density of the fuel cell can be 
limited by the limitation of oxygen solubility in the liquid metal anode forming oxide; 
hence the suitable choice of metal anode material should contain low melting point, 
reasonable high oxygen solubility, low vapour pressure, and non+toxic properties for 
materials and users.  
Anode+reactor and anode+electrolyte interaction: turbulence in liquid metal 
anode should be induced by inert gases such as He, Ar to achieve adequate rates of 
mass transfer away from the electrolyte / anode interface, for dissolution of oxygen 
from the electrolyte in the molten tin without local formation of SnO2, which would 
have deleterious kinetic consequences. In addition, the anode+reactor body should be 
insulated to mitigate against unacceptable heat losses to the environment. 
In order to achieve the overall aim and cope with the above challenges, a 
number of specific research objectives are identified and will need to be met: 
1) Separately design, construct, and commission different configuration of 
electrochemical reactors for the proposed indirect carbon+air fuel cell. Initially these 
will be small scale batch reactors to evaluate basic parameters such as materials of 
construction, operating temperatures, and liquid metal anodes etc.  
To construct the proposed fuel cell system, appropriate materials of construction 
such as high temperature metals and/or alloys used for reactors, ceramic tubes used for 
electrolytes, highly active cathode catalysts etc. were carefully selected and tested to 
achieve the highest possible efficiency of the cell. 
2) Characterise the electrochemical cell performance when using liquid metals which 
are tin (Sn), lead (Pb), bismuth (Bi), and Pb+Bi eutectic metal as the oxygen carriers. 
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These options of liquid metals are preliminary selected form their physical and 
chemical properties such as melting points, oxygen solubility, and number of valence 
electrons.  
To test performance of the cell operating on different liquid metals, open+circuit 
voltage (OCV), current+voltage (i+V) measurements, and power output were carried 
out. 
3) Build scaled+up electrochemical reactor to facilitate operation on gaseous fuel (He, 
H2) and to characterise the fuel cell when using commercial YSZ electrolyte and 
composite cathodes 
4) Prepare, fabricate, and characterise the composite cathodes applied into YSZ 
electrolytes for the scaled+up reactor  
To obtain the lowest possible loss that can be a result of cathode materials, 
several cathode composites and cathode current collector were customary prepared and 
tested at the fuel cell working temperatures 
5) Test fuel cell’s performance and study the formation of the SnO2 at the electrolyte+
liquid metal interface at given external resistance at 700+800°C 
To test performance of the cell (similar to those of batch reactors), open+circuit 
voltage (OCV), current+voltage (C+V) measurements, and power output were carried 
out.  
6) Study the electrochemical processes occurring in the fuel cell from obtained 
electrochemical data from impedance spectroscopy 
To extract model parameters from impedance spectra, an electrochemical 
software that provides common Equivalent Circuit Models was used 
1.2.2. Research plan 
Based on the project objectives above, specific tasks are elaborated below: 
1. OCV, current and power density measurements of prototype electrochemical reactor: 
determination of open+circuit voltage using prototype electrochemical reactors made of 
stainless steel and Inconel600 at various conditions will enable estimation of the 
preliminary efficiency of the cell using different molten metals.  
Several conditions of the experimental work; at 700 to 800 °C, 1 atm will be 
carried out. In addition, different liquid metals such as tin, lead, and bismuth will be 
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tested. After that, the results obtainable from the system will be analysed and discussed.  
Qualitative analysis (of some matters found on the surface of the liquid metal used in 
the electrochemical reactor will be done to identify reaction products. The effect of the 
liquid metal contact with the reactor enclosure material will also be evaluated by 
removing surface deposits. This in conjunction with appropriate phase diagrams will 
give pointers toward the most suitable alloys/materials for reactor construction. 
2. Design, improvement, and construction of a scaled+up electrochemical reactor: the 
reactor will be redesigned, and constructed using the data acquired from the preliminary 
experimental results such as reactor materials, and a decent liquid metal anode.   
3. While the scaled+up reactor is being constructed, a number of series of cathode 
composites, and cathode current collectors will be prepared, fabricated into YSZ 
electrolyte, and then characterised at 700+800°C using Scanning Electron Microscopy, 
and 4+point probe measurement. The optimised cathode formulation will be reserved 
and used as a standard cathode for other experiments for similar basis. 
4. Characterisation of the scaled+up electrochemical reactor performance: the 
performances of the cell will be determined using OCV, current+voltage, current 
density, power density measurements, 4+point probe measurement, and impedance 
spectroscopy. 
5. Interpretation of the results for modelling the fuel cell system: electrochemical 
analysis software such as Berkeley+Madonna +Modelling and analysis of dynamic 
system+, and EIS Spectrum Analyser program will be used to identify the formation of 
SnO2, and electrochemical processes in the fuel cell, respectively.  
 
1.3 Thesis Outline 
 The thesis is divided into 7 individual chapters: Chapter 1 provides an 
introduction regarding the research project and project rational. The overall aim and 
objectives are identified and tasks are described in more detail. Chapter 2 discusses the 
background and importance of the project including a comprehensive literature review 
of carbon based fuel cell systems. The thermodynamic and electrochemical 
fundamentals of Carbon/Air Fuel Cells are explained in Chapter 3. Chapter 4 elaborates 
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on different designs of the electrochemical reactor. Chapter 5 details cathode 
fabrication and characterization. In this chapter, the experimental results concerning the 
factors affecting the morphology and resistances of the prepared cathode are illustrated. 
Finally the experimental and 1D modelling work involving the developed large 
electrochemical cell are explained, quantified and discussed in Chapter 6.  The thesis 
concludes with Chapter 7 in which the main findings are summarised and suggestions 





















Chapter 2:  
Background 
  
2.1 Fuel Cells 
Fuel cells are electrochemical devices that directly convert chemical energy to 
electrical energy. In principle, a fuel cell operates like a battery. However, unlike a 
battery, a fuel cell can operate uninterruptedly, thereby not requiring recharging as long 
as fuel is fed in. It consists of an electrolyte medium sandwiched between two 
electrodes. An oxidant passes over one electrode (called the cathode) which promotes 
electrochemical reduction of it, and fuel passes over the other (called the anode) which 
facilitates electrochemical oxidation of fuel. Ions generated during this redox reaction 
(oxidation and reduction) are transported from one electrode to the other through the 
ionically conductive but electronically insulating electrolyte [21]. A typical fuel cell 
schematic is shown in Figure 2.1. 
Electricity is generated because electrons produced at the anode pass through 
the external circuit to the cathode. Water, heat, and other products, depending on the 
types of fuels used, are also generated. No combustion occurs because the fuel and 
oxidant do not mix at any point. Theoretically, the fuel cell can yield 100% efficiency 
due to no limitation by the Carnot cycle [21]. However, because of some irreversible 






Figure 2.1: Schematic of a generic fuel cell [22] 
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2.1.1 Types of Fuel Cells 
The electrolyte material employed by fuel cells is used to classify their type. 
The kind of chemical reactions that take place in the cell, the kind of catalysts required, 
the temperature range in which the cell operates, the fuel required, and some other 
factors are determined by this classification. There are several types of fuel cells 
presently under development, each with its own advantages, limitations, and potential 
applications [23+25, 26]:  
• Polymer Electrolyte Membrane/ Proton Exchange (PEM) Fuel Cells 
• Direct Methanol Fuel Cells 
• Alkaline Fuel Cells 
• Phosphoric Acid Fuel Cells 
• High Temperature Fuel Cells 
o Molten Carbonate Fuel Cells 
o Solid Oxide Fuel Cells 
+ Regenerative solid oxide fuel cell  
Table 2.1 shows a comparison chart of fuel cell technologies, which summarises 
the various fuel cell technologies and compares them with regard to major performance 
criteria. The chart indicates common electrolytes used, operating temperatures, system 
outputs, electrical efficiencies, and combined heat and power (CHP) efficiencies. The 
applications and advantages of these fuel cells are then summarised in Table 2.2. 
From Table 2.1, a few points can be deduced as follows: (1) the types of fuel 
cells are categorised by the electrolyte used, (2) each electrolyte allows only one type of 
ion (positive/negative) to travel across hence it controls the direction of reactions and 
also prevent the reactions mixed up, (3) since the electrolyte allow one type of ion to 
pass the choice of a fuel is strongly depends on the electrolyte, and (4) the electrons 
generated from the overall reaction are basically rely upon the fuel consumed in the 
fuel cell. Reactants and products of reactions in each types of fuel cells (listed Table 
2.3) travelling across the electrolyte either from cathode to anode or from anode to 














































































































Table 2.2: The applications, and advantages of various types of fuel cells [23+24] 
Fuel Cell Type Applications Advantages 
Polymer Electrolyte* 
(PEM) 
 Backup power 
 Portable power 
 Small distributed 
generation 
 Transportation 
 Specialty vehicles 
 Solid electrolyte reduces 
corrosion & electrolyte 
management problems 
 Low temperature 
 Quick start+up 




 Cathode reaction faster in 
alkaline electrolyte, leads 
to high performance 
 Low cost components 
Phosphoric acid 
(PAFC) 
 Distributed generation 
 Higher temperature 
enables CHP 




 Electric utility 
 Large distributed 
generation 
 High efficiency 
 Fuel flexibility 
 Can use a variety of 
catalysts 
 Suitable for CHP 
Solid Oxide 
(SOFC) 
Yittria Stabilized Zirconia 
 High efficiency 
 Fuel flexibility 
 Can use a variety of 
catalysts 
 Solid electrolyte 
 Suitable for CHP & 
CHHP 
 Hybrid/GT cycle 
*Direct Methanol Fuel Cells (DMFC) are a subset of PEM typically used for small portable power 





 An overview of all fuel cell specifying electrolyte used, and electrode reactions 
listed separately between cathode and anode for each type is shown in Table 2.3 below.  
From Table 2.1, a few points can be deduced as follows: (1) the types of fuel 
cells are categorised by the electrolyte used, (2) each electrolyte allows only one type of 
ion (positive/negative) to travel across hence it controls the direction of reactions and 
also prevent the reactions mixed up, (3) since the electrolyte allow one type of ion to 
pass the choice of a fuel is strongly depends on the electrolyte, and (4) the electrons 
generated from the overall reaction are basically rely upon the fuel consumed in the 
fuel cell. Reactants and products of reactions in each types of fuel cells (listed Table 
2.3) travelling across the electrolyte either from cathode to anode or from anode to 
cathode including average operational temperature are presented schematically in 
Figure 2.2. 
Table 2.3: Electrode reactions of various fuel cell types taking place at the cathode and 
the anode [26] 
Fuel Cell 
Type 




Anode: H2 = 2H
+ + 2e+ 
Cathode: 1/2O2 + 2H




Anode: CH3OH + H2O = CO2 + 6H
+ + 6e+ 
Cathode: 3/2 O2 + 6H




Anode: H2 + 2 OH
+ = H2O + 2e
+ 
Cathode: 1/2 O2 + H2O + 2e




Anode: H2 = 2H
+ + 2e+ 
Cathode: 1/2 O2 + 2H





Anode: H2 + CO3
2+ = H2O + CO2 + 2e
+ 






Anode: H2 + O
2+ = H2O + 2e
+ 
Cathode: 1/2 O2 + 2e















Figure 2.2: Schematic representation of the reactions in all types of typical fuel cells 
(taken from Jobs in FuelCells.com) [27] 
 
2.2 Thermodynamics Principles of Carbon Air Fuel Cell 
 The essential and useful selected fundamentals of different types of fuel cells 
obtained from both literature and lecture notes are reviewed in this section. 
Understanding the impacts of variables such as temperature, pressure, and gas 
constituents on performance not only allows fuel cell developers to optimize the design 
of their modular units, but also enables process engineers to maximize the performance 
of systems applications. As a result, the chemical and thermodynamic relations 
governing fuel cells and how operating conditions affect their performance are studied. 
2.2.1 Gibbs Free Energy, and Open+circuit Voltage or Nernst Potential 
[30] 
The maximum electrical work (Welec) obtainable in a fuel cell operating at 
constant temperature and pressure is given by the change in Gibbs free energy (\G) of 
the electrochemical reaction: 
                                                            W6768 = −ΔG = 	nFE                                              (2.1)   
where n is the number of electron participating in the reaction, F is Faraday’s constant 
(96,487 coulombs/g+mole electron) and E is the ideal potential of the cell. 
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The Gibbs free energy change is also given by the following state function:  
                                                            ΔG = ΔH − TΔS                                              (2.2) 
where \H is the enthalpy change and \S is the entropy change. The total thermal 
energy available is \H. The available free energy is equal to the enthalpy change minus 
the quantity T\S which represents the unavailable energy deriving from the entropy 
change within the system at the temperature T.   
The amount of heat produced by a fuel cell operating reversibly is T\S. Reactions in 
fuel cells that have negative entropy change generate heat (such as hydrogen oxidation), 
while those with positive entropy change (such as direct solid carbon oxidation) may 
extract heat from their surroundings if the irreversible production of heat is smaller than 
the reversible absorption of heat. 
For the general cell reaction, 
                                                  <A + βB ↔ cC + δD                                                 (2.3) 
the standard state of Gibbs free energy change of reaction is given by: 
                                             \G° = cG°c + δG°D + <G°A + βG°B                                        (2.4) 
where G°i is the partial molar Gibbs free energy for species i at temperature T. This 
potential can be computed from the heat capacities (Cp) of the species involved as a 
function of T and from values of both \S° and \H° at a reference temperature, usually 
298 K. Empirically, the heat capacity of a species, as a function of T can be expressed 
as  
                                                          Cp = a + bT + cT
2                                               (2.5)     
where a, b, and c are empirical constants. The specific enthalpy for any species present 
during the reaction is given by: 
                                                      Hi = Hi
° + ∫T298 Cpi dT                                             (2.6) 
and, at constant pressure the specific entropy at temperature T is given by: 
                                                    Si = Si
° + ∫T298 (




 It then follows that  
                                                     \H = ∑niHi |out + ∑niHi |in                                                    (2.8) 
and  
                                                     \S = ∑niSi |out + ∑niSi |in                                                              (2.9)  
The coefficient a, b, and c, as well as H° and S°, are available from standard 
reference tables, and may be used to calculate \H and \S. From these values then \G 
and E at temperature T can be calculated.  
Instead of using the coefficient a, b, and c, it is common practice to rely on 
tables, such as JANAF Thermodynamic tables [30] to provide Cp, \H, \S, and \G over 
a range of temperature for all species presenting in the reactions. 
The Gibbs free energy change of reaction at the standard state pressure (1 atm) 
and at temperature T, where fi is the fugacity (definitions of fugacity 
[85, 86], see appendix 
B) of species i can be expressed by Eq. (2.10):  
                                  ∆G = ∆G° + RT ln CDECFGCHICJK                                                 
(2.10) 
Substitute Eq. (2.1) in Eq. (2.10) gives the relation in Eq. (2.11): 
                                  E = E° + 
$L ln CH
ICJK
CDECFG                                                    (2.11)                          
or more generally, 
                                           E = E° + 
$L ln M	[O6P8	P		CQRP8S	T]M	[VOWQ8		CQRP8S	T]                                  
which is the general form of the Nernst equation. 
 If the –e is designated as the charge on one electron and two electrons are 
produced during the basic combustion reaction, then the charge that is produced by the 
reaction is: 
                                                      +2Ne = +2F           Coulomb                          (2.12) [100] 
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where F is the well+known Faraday constant which is the charge of one mole of 
electrons, and N is Avogadro’s number.  
As given previously, the electrical work done by the fuel cell in moving electron around 
the circuit is expressed in Eq. (2.13): 
Electrical work done = (charge).(voltage) 
                                                          Welec  = +2FE
o            Joules                            (2.13) 
Similar to Eq. (2.13), the electrical work done by moving a charge Q, measured in 
Coulombs, through an electrical potential different E in volts can also be written as: 
                                                          Welec  = EQ                Joules                            (2.14) 
If the charge is assumed to be carried by electrons, then 
                                                               Q = nF                coulombs                         (2.15) 
where n is number of moles of electrons transferred. Combining Eq. (2.1), (2.14), and 
(2.15) yields 
                                                         ∆G = 	−nFE                                                     (2.16) 
This reversible potential of a fuel cell at temperature T, E°, is calculated from \G° for 
the cell reaction at that temperature. Thus, the open+circuit voltage at standard state E° 
can be calculated by  
                                                            EW = − XYL                                                     (2.17)                                      
Fuel cells generally operate at pressures low enough that the fugacity can be 
approximated by the partial pressure. 
2.2.2 Current 
 The current, i, evolved by an electrochemical reaction is a direct measure of the 
rate of the electrochemical reaction since electrons are either generated or consumed by 
electrochemical reactions. The unit of current is the Ampère; an Ampère is a Coulomb 
per second (C/s). From Faraday’s law, 
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                                                               i = Z	                                                           (2.18) 
where Q is the charge (Q) and t is time. Therefore, current exhibits the rate of charge 
transfer. If each electrochemical reaction process causes the transfer of n electron, then 
                                                     i = nF [	 = 	nFν                                                  (2.19) 
where N is mol of reactant,  
[
	 = 	ν is the rate of the electrochemical reaction (mol/s), 
F is again Faraday’s constant. (Faraday’s constant is necessary to convert a mol of 
electron to a charge in Coulombs) [100]. 
2.2.3 Current Density 
 Because interfaces are the site at which electrochemical reactions take place, the 
current produced from the reaction is usually directly proportional to the surface area of 
the interface [100]. The higher the interfacial area, the higher the reaction rate since it 
increases the possibility of reactions to undergo. Accordingly, current density or current 
per unit area is more fundamental than current. Current density allows the activity of 
different surfaces to be compared on a per+unit area basis. Current density, j, is usually 
expressed in units of Ampères per square centimetre (A/cm2): 
                                                               j = S^                                                            (2.20) 
where A is the area and i is the current. Similarly, electrochemical reaction rates can be 
presented on a per unit+area basis. Per+unit+area reaction rates are symbolised as J. 
Units of moles per square centimetre per time (mol/cm2.s) is basically used to express 
area+normalized reaction rates:  
                                                  J = %^ 	[	 =	 SL^ =	 `L                                              (2.21) 
2.2.4 Cell Energy, Work, Heat  
 
 




Fuel Energy Electricity Energy = iVt 
Heat 
Products e.g. H2O, CO2 etc. 
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The power and energy is the same as that for any electrical system. Therefore 
energy provided from an electrical system can be expressed as:  
                                    Energy = Power x t = iV.t                                         (2.22) 
Energy is defined as the ability to do work. Energy is usually measured in joules (J) or 
calories (cal). Power is defined as the rate at which energy is expended or produced. In 
other words, power represents the intensity of energy use or production. That means 
power is a rate. The unit of power used generally is the Watt (W) which represents the 
amount of energy employed or generated per second (1W = 1J/s) [100]. Figure 2.3 shows 
the balance of basic fuel cell inputs (energy from a fuel and oxygen), and outputs 
(electricity, heat, and gas products).  
However, in a fuel cell, energy available to do external work is needed to be 
understood in order to analyse the chemical energy changes throughout the chemical 
process involved in the operation which is unlike other several electrical power 
generating systems [32].  
2.2.5 Fuel Cell Performance 
2.2.5.1 Ideal Performance 
The Nernst potential, E, gives the ideal open circuit voltage cell potential [27]. 
This potential defines the maximum performance that may be achieved by a fuel cell. 
The overall reactions for various types of fuel cells are presented in Table 2.4.  
Table 2.4: Electrochemical Reactions in Fuel Cells [30]. 
Fuel Cell  Anode Reaction Cathode Reaction 
Polymer Electrolyte and 
Phosphoric acid 
H2 → 2H
+ + 2e+ ½ O2 + 2H
+ + 2e+ → H2O 
Alkaline H2 + 2(OH)
+ → 2H2O + 2e
+ ½ O2 + H2O + 2e
+ → 2(OH)+ 
Molten Carbonate 
H2 + CO3
= → H2O + CO2 + 2e
+ 




= → 2CO2 + 2e
+ 
Solid Oxide  
H2 + O
= → H2O + 2e
+ 
½ O2 + 2e
+ → O= CO + O= → CO2 + 2e
+ 
CH4 + 4O
= → 2H2O + CO2 + 8e
+ 
Liquid Tin Anode/Indirect 
Carbon Air Fuel Cell* 
2O= → 2[O](l) + 4e
+ O2(g) + 4e
+ → 2O= 
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* The fuel cell of the PhD project and the anode reaction taking place in the 
electrochemical reactor.  
The corresponding Nernst equations for these equations are presented in Table 2.4. 
The Nernst equation presented in Eq. (2.11) provides a relationship between the 
ideal standard potential (E°), and the ideal equilibrium potential (E) at other partial 
pressures of reactants and products. For the overall cell reaction, the cell potential 
increases with either an increase in the partial pressure (concentration) of reactants or a 
decrease in the partial pressure of the products. For example, during the carbon 
monoxide and oxygen reaction at the SOFC anode, the ideal cell potential at a given 
temperature can be enhanced by operating at higher reactant pressures, which are 
carbon monoxide and oxygen pressures in this case.  
Consider also the reactions of H2 and O2 or H2 and OH
+ to produce H2O in the 
alkaline and the molten carbonate fuel cell. When a carbon+containing fuel is involved 
in the anode reactions, CO2 is also produced mostly in the molten carbonate and the 
Solid Oxide Fuel Cell. For MCFCs, the CO2 is also required in the cathode reaction to 
maintain an invariant CO3
= concentration in the electrolyte as it is consumed in the 
anode reactions such as between H2 and CO3
= and the CO and CO3
= reactions. The 
Nernst equations of each type of fuel cells are presented in Table 2.5 using partial 
pressures of gas species in both electrode reactions.  
Table 2.5: Fuel Cell Reactions and Corresponding Nernst Equations [30] 
Cell Reactions*
(1)
 Nernst Equations 
H2 + ½O2 = H2O E = E° + (RT/ 2F) ln [PH2 / PH2O ] + (RT/ 2F) ln [P
1/2O2 ] 
H2 + ½O + CO2 (c) = H2O + CO2 
(a) 
E = E° + (RT/ 2F) ln [PH2 / PH2O (PCO2)(a)] + (RT/ 2F) ln 
[P1/2O2 (PCO2)(c)] 
CO + ½O2 = CO2 E = E° + (RT/ 2F) ln [PCO / PCO2] + (RT/ 2F) ln [P
1/2O2] 
CH4 + 2O2 = 2H2O + CO2 
E = E° + (RT/ 8F) ln [PCH4/P
2H2O.PCO2] + (RT/ 8F) ln 
[P2O2] 
O2(g) = 2[O](l)*(2) E = E° + (RT/4F) ln {PO2(air)/P[O(l)](Sn)} 
*(1) Cell reactions are obtained from the anode and cathode reactions listed in Table 2.4 
*(2) This reaction is relevant for this PhD study. 
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The ideal standard potential obtainable from a fuel cell at temperature 298 K 
when H2 and O2 react is 1.229 volts (V) with water, or 1.18 V with steam. These values 
are provided in a number of chemistry texts as the oxidation potential of H2. The 
potential is the change in Gibbs free energy resulting from the reaction of hydrogen and 
oxygen. The difference of the ideal standard potential between 1.229 and 1.18 volts 
represents the Gibbs free energy change of vaporization of water at standard conditions 
(298K, 1 atm).  
2.2.5.2 Actual Performance 
A graph showing the relationship between current and voltage can be used to 
demonstrate the performance of a fuel cell device. The current+voltage (i+V) curve 
exhibits the voltage output of the fuel cell for a given current output. The i+V curve is 
normalised by fuel cell area to make results obtained from a larger and a smaller fuel 
cell comparable. An ideal fuel cell would maintain a constant voltage while any amount 
of current is being drawn from the cell as long as a fuel is sufficiently supplied. 
However, due to various types of irreversible losses (which are described in 2.3 the 
actual voltage output is lower than the ideal thermodynamically predicted voltage. 
Moreover, the power (P) delivered by a fuel cell is given by a product of current and 
voltage: 











Figure 2.4: Schematic fuel cell polarization (voltage vs. current density) and power 
density curves [101] 
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A fuel cell power density curve can be constructed from the information in a 
fuel cell i+V curve. The power density curve is created by multiplication of the voltage 
at each point on i+V curve and the corresponding current density. A general i+V curve 
combined with power density curve is illustrated in Figure 2.4. Fuel cell voltage is 
given on the left+hand and power density is given on the right+hand y+axis respectively. 
Current density that correspondent to each point of voltage and power density is given 
on x+axis. The fuel cell efficiency can be considered from the fuel cell voltage in the i+
V curve because fuel cell voltage decreases as the current density increases and the 
current supplied by a fuel cell is directly proportional to the amount of fuel consumed 
(each mole of fuel provides n mole of electrons).  
In order to improve on fuel cell efficiency and increase the possibility of the successful 
implementation of fuel cell technology, a high fuel cell voltage needs to be maintained 
under high current loads. However it is practically difficult to uphold a high fuel cell 
voltage under current load as thermodynamically predicted. The i+V curve 
characteristic shape is given by three main losses in real fuel cell. These losses are 
associated with three basic fuel cell steps: 
1. Activation losses (result from electrochemical reaction) 
2. Ohmic losses (result from ionic and electronic conduction) 
3. Concentration losses (result from mass transport) 
The irreversible losses are shown in Figure 2.5. These losses are generally referred to as 
polarization, overpotential or overvoltage. The varying Nernst potential produces 
varying local current densities. The non+uniform current results in locally varying 
voltage polarizations. Each local Nernst potential is reduced to the terminal voltage by 
the sum of the local voltage polarizations. Therefore, the cell terminal voltage is given 
by 
                           V = Eb	–	ηP8	,P −	ηP8	,8 −	ηWef −	η8W,P −	η8W,8               (2.24) [102] 







 Figure 2.5: Ideal and actual fuel cell voltage/current characteristic 
2.3 Electrode Limitation/Losses
The Activation Polarization, Ohmic Losses and Concentration Overpotential 
phenomena are described below:
2.3.1 Electrode Kinetic: Activation Polarisation
This polarization arise
at the electrodes. These 
material and microstructure, reactant activities (and hence utilization), and weakly on 
current density [30]. This phenomenon can be described by the Bulter
[102]. 
              
where α is the transfer coefficient, z is the number of electrons participating in the 
electrode reaction, F is the Faraday constant, and i
can be calculated as  
                 

















s from the activation energy of the electrochemical reactions 
losses depend on the local reactions, the electro
i = ib gexp ijLklEm
$  − exp n&(%&ijLklEm
$ op                         
0 is the exchange current density that 
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 where γP, γ8, EP8	,P, E
transfer coefficient, anodic activation energy, and cathodic activation energy, 
respectively. Values for 
The equation for activation polarization is shown by 
                                                    
where < is the electron transfer coefficient of the reaction at the electrode being 
addressed, and i0 is the exchange
contribute a visual understanding of the activation polarization of a fuel cell. 
They are used to infer the exchange current density, given by the extrapolated intercept 
at ηact = 0 which is a measure of the maximum current that can be extracted at a 
negligible polarization, and the transfer coef
2.3.2 Ion and Electron Transport: Ohmic Polarization
Ohmic losses are caused by resistance to the flow of ions in the electrolyte and 
resistance to the flow of electrons through the electrode 
collectors and interconnects, and contact resistances also affect Ohmic losses. The main 
ohmic losses through the electrolyte are reduced by decreasing the ionic pathway and 
enhancing the ionic conductivity of the electrolyte as well as improving the conne
between the electrode and the electrolyte.
Ohmic polarization can be expressed by Ohm’s law:
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P8	,8 are anodic charge transfer coefficient, cathodic
γP, γ8, EP8	,P, EP8	,8 may be found in [65]. 
Eq. (2.28): 
ηP8	 = 
$iL 	ln	 SS                                                     










Figure 2.6: Example of a Tafel Plot [30] 
ficient (from the slope) [30].
 
[30]. Additionally, current 
 
 
ηWef = i∑R                                                 









where i is the current flowing through the cell, and ΣR is the total cell resistance, which 
includes electronic, ionic, and contact resistance:  
ΣR = Relectronic + Rionic + Rcontact 
Depending on the cell type, material selection, cell geometry, any of these 
components can dominate the ohmic resistance. For instance, in tubular SOFC the 
electronic bulk resistance usually dominates, while in planar thin+electrolyte SOFC 
contact resistances often dominate. The ohmic resistance is basically normalised by the 
active cell area namely the Area Specific Resistance (ASR) for comparison. ASR has 
the unit of Ω.cm2. As mentioned earlier, the ohmic resistance is affected by numerous 
factors. According to this, ASR is a function of the cell design, material choice, 
manufacturing technique, and operating conditions, temperature in particular. The 
operating temperature affects the ASR by changing material properties such as ionic 
conductivity, electronic conductivity, thermal expansion, and contact resistance etc. In 
high temperature SOFCs the ASR is the main performance parameter since it often 
dominates the overall polarization of the cell. The ASR can be determined using several 
experimental methods. In the i+V curve, if there is a considerable linear portion (in the 
middle of the graph), the slope of the curve is approximately very close to the ASR of 
the cell. However, the ASR of the cell can only be certainly identified when the linear 
part of i+V curve is dominant. More accurately, impedance spectroscopy is used to 
determine the ohmic resistance of a fuel cell. As can be seen in Figure 2.7, the ohmic 
resistance is the real value of the impedance of the point at which the imaginary 
impedance (y+axis) is zero. Moreover, the ohmic resistance is invariant with gas 
concentration whereas the part of the impedance related to mass transport and kinetics 








Figure 2.7: Example of impedance spectrum of anode+supported SOFC operated at 850 
°C. Rs is Ohmic resistance. Two measurements were with hydrogen/water vapour 
mixtures, and the other in diluted hydrogen [30]. 
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2.3.3 Concentration Overpotential: Mass+transport+related losses 
These losses depend strongly on the current density, reactant activity, and 
electrode structure. These losses are a result of finite mass transport limitation rates of 
the supply of fresh reactant and the evacuation of products. As a result, a concentration 
gradient is formed which drives the mass transport process. In a fuel cell with purely 
gas+phase reactants and products (such as the SOFC), gas diffusion processes control 
mass transfer [30, 32].  
The analysis of concentration polarization should begin with the analysis of the 
transport of gases through porous electrodes. The electrode concentration overvoltage 
considers the difference in gas concentrations between the electrode+electrolyte 
interface and the bulk [102]. While at low current density and high bulk reactant 
concentrations mass+transport losses are not significant, under practical conditions 
(high current density, low fuel and air concentration), they often lead to considerable 
loss of cell potential [30].  
For gas+phase fuel cells, the rate of mass transport to an electrode surface in 
many cases can be described by Fick’s law of diffusion: 
                                              i = Ly(=J&	=z{                                                  (2.30) 
where D is the diffusion coefficient of the reacting species, CB is its bulk concentration, 
CS is its surface concentration, and δ is the thickness of the diffusion layer. The limiting 
current (iL) is a measure of the maximum rate at which a reactant can be supplied to an 
electrode, and it occurs when CS = 0, i.e., 
                                                   i = Ly=J{                                                    (2.31) 
By appropriate manipulation of Eq. (2.30) and (2.31),  
                                                  
=z
=J = 1 − SS                                                  (2.32) 
The Nernst equation for the reactant species at equilibrium conditions, or when no 
current is flowing, is 
                                                  ES|b = EW + 
$L ln C~                                   (2.33) 
When current is flowing, the surface concentration becomes less than the bulk 
concentration, the Nernst equation becomes 
                                                  ESb = EW + 
$L ln C                                   (2.34) 
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The potential different (\E) produced by a concentration change at the electrode is 
called the concentration polarization: 
                                                ΔE = η8W8 = 
$L ln =z=J                                   (2.35) 
         = ηcon,a + ηcon,c 
[65]                                                      
Upon substituting Eq. 2.32+2.35, the concentration polarization is given by the equation 
                                                 η8W8 = 
$L ln 1 − SS                                  (2.36)      
In this analysis of concentration polarization, the activation polarization is 
assumed to be negligible. The charge transfer reaction has such a high exchange current 
density that the activation polarization is negligible in comparison with the 
concentration polarization (most appropriate for the high temperature fuel cells). 
 
2.3 Cell Energy Balance 
The energy balance of a fuel cell is based on the energy absorbing/releasing 
process such as power produced, reactions, heat loss etc. that develop in the cell. 
Consequently, the energy balance varies with the type of fuel cell owing to the related 
reactions taking place which are in accord with cell type [30]. Basically, the cell energy 
balance pronounces that the input of enthalpy flow of the reactants is equivalent to the 
enthalpy of products releasing from the cell in addition to the sum of three terms: (1) 
the net heat produced by physical and chemical processes within the cell, (2) the dc 
power output from the cell, and (3) the heat loss from the cell to its surroundings [30].  
Reactant enthalpies are readily available on a per mass basis from 
Thermodynamic database such as JANAF or Chemical Engineering’s Handbook – 
Perry [104]. Product enthalpy usually includes the heat of formation in published tables. 
A typical energy balance investigates the cell exit temperature knowing the reactant 
composition, the input stream temperatures, fuels and oxidant utilisation, the 
estimated/expected power generated, and a percent heat loss. The exit components are 




2.4 Fuel Cell efficiency 
Since a fuel cell is an energy conversion device, its efficiency is substantially 
important. Unfortunately, the ideal efficiency of a fuel cell is not 100% due to 
limitation of the Gibbs free energy, \G, so is the electrical work from a fuel cell. But 
the real fuel cell efficiency is even worse because of two major reasons; voltage losses, 
and fuel utilization losses.  
2.4.1 Ideal reversible fuel cell efficiency 
The ideal fuel cell efficiency, ε, is defined as the amount of useful energy that 
can be extracted from a conversion process relative to the total energy provided from 
the process [100, 103]. 
                                 ε = Q6CQ7	66ORT	W	P7	66ORT                                                 (2.37)  
Considering a chemical reaction, the efficiency extracted is 
                                      ε = WOX                                                        (2.38)             
where \H is the change in enthalpy between the product and the feed stream. For a fuel 
cell, an ideal case of electrochemical converter, the maximum amount of energy 
available to do work at the temperature of conversion is given by the Gibbs free energy. 
Fuel cells convert chemical energy directly into electrical energy. Therefore, the 
reversible efficiency of a fuel cell can be written as 
                                                        ε = 	 ∆∆                                                               (2.39) 
At standard temperature and pressure condition (STP) the most widely used efficiency 
of a fuel cell is based on the change in the standard free energy for the H2+O2 fuel cell 
reaction 
                                              H2(g) + ½O2(g)              H2O(l)                                                           (2.40) 
given by 
                                            ∆GOb = Gb −	Gb −	%'Gb                              (2.41) 
where the product water is in liquid form, the thermal energy (\H) in the 
hydrogen/oxygen reactant is 285.8 kJ/mole, and the free energy available for useful 




                                                    ε = 	 '.%'w. = 0.83	                                                  (2.42)   
Interestingly, the ideal efficiency for direct electrochemical oxidation of carbon is 
slightly higher than 100% (100.3%) because \G is higher than \H when using this 
definition of ideal efficiency.  
In contrast to a fuel cell, the maximum theoretical efficiency of a conventional 
heat/ expansion engine is described by the Carnot cycle. This efficiency may be derived 
from classical thermodynamics: 
                                                           ε = 	 $t&	$$t                                                       (2.43) 
where TH and TL is the maximum temperature of the heat engine, and the rejection 
temperature of the heat engine, respectively.  
2.4.2 Real (practical) fuel cell efficiency [100] 
As mentioned previously, two major reasons affecting the real (or practical) fuel 
cell efficiency are voltage losses and fuel utilization losses. These losses diminish the 
real fuel cell efficiency from the reversible thermodynamic efficiency.  
The real efficiency of a fuel cell, εreal, can be expressed as 
                 εO6P7 = (ε	e6OfW × εW7	PR6 × (εCQ67                           (2.44) 
where ε	e6OfW is the thermodynamic efficiency of the fuel cell, εW7	PR6 is the voltage 
efficiency of the fuel cell, εCQ67 is the fuel utilization efficiency of the fuel cell. Each of 
these terms is explained briefly: 
• For a fuel cell, recall that the thermodynamic efficiency is given by the Gibbs 
free energy and can be written as ε	e6OfW,C8 =	 ∆∆ . It shows how all the enthalpy 
contained in the fuel cannot be exploited even under ideal conditions. 
• The voltage efficiency of a fuel cell, εW7	PR6, is the ratio of the real operating 
voltage of the fuel cell (V) to the thermodynamically reversible voltage of the fuel cell 
(E):                               
    εW7	PR6 =	                                                   (2.45) 
These losses can be extracted from the operational i+V curve of the fuel cell. 
The operating voltage of a fuel cell changes while the current (i) is drawn from the fuel 
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cell. That means εW7	PR6 will change depending on the current drawn from the cell. The 
voltage efficiency decrease as the current load increases. In contrast to combustion 
engines, fuel cells are therefore most efficient at low load (because of high operating 
voltage).  
• The fuel utilization efficiency, εCQ67, is a result from the fact that not all the fuel 
provided to the fuel cell will react or participate in electrochemical reaction. Some of 
the fuel may undergo side reactions that do not produce electrical energy. The fuel 
utilization efficiency is the ratio of the fuel used by the cell to generate electric current 
versus the total fuel provided to the fuel cell: 
                          εCQ67 =	 S L⁄                                                (2.46) 
where i is the current generated by the fuel cell and νCQ67 is the feeding rate of fuel 
supplied to the fuel cell (mol/sec). Fuel cells are typically operated in either a constant 
flow rate condition or a constant stoichiometry condition. In the former condition, 
sufficient amount of fuel is provided at a constant rate to prevent lack of fuel at 
maximum current density but significant amounts of fuel will be wasted when the fuel 
cell is operating at lower current densities. Fuel cells operating at the latter condition 
(constant stoichiometry) are always supplied with a slightly more fuel than it needs at 
any load.  For fuel cells operating under this condition, fuel utilization is not dependent 
on current. The fuel utilization can also be written as  
                                          εCQ67 =	 %    where  λ = S L⁄                                  (2.47) 
Concerning the effects of thermodynamics, irreversible kinetic losses, and fuel 
utilization losses, the practical efficiency of a real fuel cell can then be expressed as 
                                    εCQ67	8677 = ∆∆ ×  × (S L⁄                                 
(2.48) 
For a fuel cell operating under a constant stoichiometry condition, this equation can be 
simplified to 
                   εO6P7 = ∆∆ ×  × (%                                          (2.49) 
In general, constant stoichiometry operation is preferred under most 
circumstances because most of the fuel is not wasted because the fuel flow rate is 
 constantly adjusted to mat
fuel cell requires a system that controls the fuel flow rate to match the fuel cell current. 
 
2.5 Major Advantages and Applications of Different Types of 
Fuel Cells 
 The cost of construction and
disadvantages of all types of fuel cells at the present time, which powerfully depends 
more or less on the different types resulting different applications
(Combined Heat and Power)
♦ Efficiency – 
small and large systems.
♦ Simplicity + 
device. 
♦ Low emissions
a fuel cell can be essentially ‘zero emission’
product of reactions is almost CO
(Carbon Capture and Storage)
♦ Silence + Fuel cells are 
for both portable power applications and for local power generation in combined heat 






Figure 2.8: Chart to summarize the applications and main advantages of fuel cells of 
different types, and in different applications 
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ch the fuel cell current. However, under this condition, the 
 operation has been the most important 
. Nonetheless, there are several advantages that include: 
Fuel cells are more efficient than combustion engines for both 
 
There are only few moving parts which make it a simple 
 – If hydrogen is used, the by+product is water, which means 
. Even though carbon is the fuel, the 
2 which can be captured and sequestrated in CCS
. 
very quiet which make them suitable and preferable 
[28]. 
 
, including CHP 




 The major fields in which small scale and low temperature fuel cells are being 
used comprise mobile power system, particularly for vehicles, and portable electronic 
equipment such as portable computers, mobile telephones, and military 
communications equipment. For high temperature fuel cells, they are mainly used for 
power generation which have strong impacts on combined heat and power systems (for 
both large+ and small+scale applications) [29]. Some applications of several types of fuel 
cells are demonstrated in Figure 2.8.  
 
2.6 Solid Oxide Fuel Cells (SOFCs) 
2.6.1 Typical SOFCs  
SOFCs use a solid, non+porous metal oxide electrolyte, usually Y2O3+stabilized 
ZrO2. The cell working temperatures range from 600 to 1000 °C. Typically, the 
electrodes used are Ni+ZrO2 cermet as the anode and Sr+doped LaMnO3 as the cathode. 
These conditions alleviate the problem of material corrosion due to contaminants in a 
liquid electrolyte and reduce electrolyte management problems. The high temperatures 
allow non+precious metals to be used as catalysts, thus reducing this cost factor. SOFCs 
can provide electricity by converting chemical energy directly while they are also 
environmental friendly and able to reach 45+50% electrical efficiency. The cell consists 
of two porous electrodes that sandwich an electrolyte. Oxygen from air contacts the 
cathode /electrolyte interface and acquires electrons from the cathode. The oxygen ions 
diffuse into the electrolyte material and migrate to the anode side to encounter the fuel 
at the anode/electrolyte interface. After reacting with the fuel, the oxygen ions release 
electrons to the external circuit, providing electrical energy and reaction products such 



















There are several 
stationary power generation. SOFCs have the ability to operate using the current fossil 
fuel+based energy infrastructure because of its resistivity to of several impurities to 
some extent such as up to
acid) [32] unlike other fuel cells. Also, when operating on hydrogen
containing carbon+monoxide, a SOFC do not need an additional gas clean
[28]. Nevertheless, there are some impuriti
a SOFC, for example, hydrogen sulfide (H
arsenic (As), lead (Pb), and phosphorous (P) 
degradation of the SOFCs affected by each
instance, the researcher in [32] tested a SOFC by adding 1 ppm of H
into the fuel cell, the system dramatically lost potential close to 0.11
that the system continued to decline in
insignificant slope of 0.0054
containing chorine (Cl), antimony (Sb), As, and P species causes severe degradation of 
SOFC anodes, especially Sb and P, which can react
In contrast, the presence of Hg, Si, and Zn do not 
of the SOFCs [33]. 
Therefore, a SOFC would need to be scrubbed of the sulfur/H
removed of mercury of the fuel cell. 
conversion of a wide range of fuels, including various hydrocarbon fuels for 
efficient conversion to power, internal reforming, and by
There is also no need to use expensiv
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9: Schematic of a typical hydrogen SOFC [31]
capabilities of SOFC technology that make it interesting for 
 5000 ppm of NH3 (ammonia) or 1 ppm of HCl 
es in coal+syngas concerning potential loss in 
2S), mercury (Hg), silicon (Si), zinc (Zn), 
[32+33]. But the levels of severity of 
 trace coal species are different. For 
 potential in a linear digression with a 
 V per 400 h of operation. Additionally, coal gas 
 with Ni to form secondary phases. 
significantly affect the performance 
The relatively high operating temperature
+product heat for cogeneration





2S from a coal gas 
 V initially. After 






temperatures [34+35]. However, even though natural gas has been considered as a fuel, 
there is a problem of catalyst poisoning with the production of CO, and the storage of 
natural gas for mobile and small+scale power units is only possible as LPG (Liquid 
Petroleum Gas) [36+37]. 
Despite the fact that this fuel cell type seems to address all the problems and 
takes full advantage of the inherent simplicity of the fuel cell concept, the ceramic 
materials that these cells are made from are expensive to manufacture. Additional 
equipment is also required in the form of air and fuel pre+heaters. A cooling system is 
also needed, which makes the system more complex and difficult to start up [38]. Hence, 
the key challenges facing SOFCs are still the development of suitable and robust low 
cost materials and the low+cost fabrication of durable ceramic structures. 
Several designs have been developed for SOFCs, tubular and planar being the 
most studied and furthest advanced [36, 39+41]. These designs of SOFCs show very 
promising performance.  Research done by Bagotzky et. al. (2003) [41] involved 
searching for new solid electrolytes capable of operating at lower temperatures, around 
700 °C, which would make it much easier to select different construction materials.  
However, Bagotzky et. al. (2003) [41] point to some important requirements for 
the commercial applications of SOFC technology, which are cost, performance, long+
term stability which is generally more than 40,000 h for stationary applications and up 
to 20,000 h lifetime for auxiliary power units and transportation applications.  One of 
the key issues for stationary application of SOFCs is the chemical stability of the 
interfaces, for example, an increase of interface resistivities at cathode+electrolyte 
interfaces, and cathode+interconnect interfaces due to abundance of the strontium (Sr) 
content from cathode. But for transportation applications, the thermo+mechanical 
stability is more crucial because of frequent thermal cycles. 
2.6.2 Regenerative fuel cell (RFC)  
The regenerative fuel cell (RFC) [24, 42] is one of the SOFC types. The RFC 
device employs two reversible electrodes to produce both electricity and syngas (e.g. 
H2 and CO) by switching the operating roles of those electrodes, i.e. cathode and anode. 
If hydrogen is used as the fuel and fed together with oxygen into the fuel cell, 
electricity, heat and water are generated. Water can be re+circulated to the cell, now 
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operating as an electrolyser and then split into hydrogen and oxygen using renewable 
energy sources such as wind, solar, or geothermal. Interestingly, there is a research 
work regarding this type of fuel cell based on a liquid metal (cathode) electrode (and 
Ni+YSZ cermet as the anode) proposed in [42] in 2006. Electricity will be produced 
using H2 as fuel and air bubbled into the cathode. When the reversible device is 
operated as an electrolyzer, steam is fed to the anode (e.g. Ni–YSZ) side and coal to the 
cathode side of the electrolyzer (the liquid metal) in the temperature range 900–1000 
°C to produce syngas (H2, CO, CO2). 
Currently this type of fuel cell is under development by NASA to enhance 
efficiency and decrease the system’s weight. The aim is to incorporate a regenerative 
fuel cell and photovoltaic solar cells on board an airplane called the Helios [42+43]. The 
aircraft will be powered by solar cells during the day and also produce a supply of 
hydrogen that would be stored and then used overnight. The design of the NASA novel 
symmetrical regenerative solid oxide fuel cell has been tested since 2011 and shows 
good performance and high efficiency in single cell tests of 15 cm2 [44] considered 
applicable in Uninhabited Aerial Vehicles (UAVs). However, further study on Ni and 
lanthanum strontium cobalt ferrite (LSCF) electrode microstructure should be emphasis 
on long+term stability particularly in the regenerative mode with cycling from 
electrolysis to fuel cell mode because electrodes with long life cycles are very essential 
on the operation in regenerative environments.  
 
2.7 Carbon/Air Fuel Cells 
2.7.1 Role of carbon in fuel cells 
Carbon is an ideal material for use in both low+temperature and high+
temperature fuel cells. Concerning the use of carbon in low+temperature fuel cells, 
carbon is used as constructural elements such as in alkaline, phosphoric acid and 
proton+exchange membrane fuel cells (PEMFCs) due to the possession of unique 
electrical and structural properties. Carbon offers unique features for fuel cell 
applications because it exists in various solid forms or allotropes. Graphite, the softest, 
naturally occurring form of carbon is a good electrical conductor, which is an important 
feature for fuel+cell applications.  Because the π electron + the forth electron that is not 
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involved in forming covalent bonds between the carbon atoms +   are mobile hence 
reacting with other elements without disrupting the layer structure. An increase or a 
decrease in the electrical conductivity can be obtained by some reacting atoms, 
molecules or ions intercalating between the graphite sheet layers [45]. 
 In high temperature direct carbon fuel cells (DCFCs), high+carbon content coal 
is also used as a fuel to produce electrical power with a thermodynamic efficiency close 
to 100% with low+CO2 production rates. But coal is a chemically and physically 
complex heterogeneous substance that contains both organic materials, which primarily 
consists of carbon, hydrogen oxygen and a smaller amount of sulfur and nitrogen, and 
inorganic materials e.g. ash+forming compounds. As a result of various impurities in 
coal which have significant side+effects on the anodic electrochemical reaction and the 
life time of the DCFC, some pretreatment techniques such as acid washing, air 
oxidation, and pyrolysis are needed. However, not all the treatments would efficiently 
enhance the performance/ reactivity of carbon derived from coal. It was suggested in Li 
et. al. [46] that to produce a carbon fuel from coal for fuel cell applications, the coal fuel 
should be pretreated at low temperature with a suitable surface oxidation process such 
as acid treatment (HNO3 washing). Coal treated by HNO3 washing has enhanced 
electrochemical activity due to an increase in oxygen+containing surface functional 
groups. The treated coal also does not damage electrodes and consume electrolytes as a 
consequence of ash removal during the acid washing.  
Therefore carbon+based fuel cells, particularly the DCFC, could help enhance 
the efficiency for power generation and extend the use of fossil fuels in order to address 
future energy problems.  
2.7.2 Carbon+air cell reaction  
The overall cell reaction in the carbon air battery is the electrochemical 
oxidation of carbon to carbon dioxide involving four electrons [47+48]:   
                                      C + O' → CO'                                                         (2.50) 
which is similar to that of a combustion in a burner. The standard cell potential (cell 
voltage) for this reaction is 1.03 V. Because the entropy change for this reaction is close 
to zero, the theoretical voltage is almost invariant with temperature (\G = \H – T\S) 
(Figure 2.10). 
 The reaction is potentially accompanied by a partial oxidation to carbon monoxide, a 
two electron oxidation: 
                                                         
The generated CO is utilised a
                                                          
A non+electrochemical corrosion of the carbon fuel by reaction with carbon dioxide 
product is also possible 
                                                          
 Since reaction (2.
undesirable, and therefore its
needs to be polarized in the oxidising direction by at least th
open circuit potential of the system and the carbon/carbon dioxide potential (1.02 V) 
(Figure 2.10) [49] (i.e. by about 0.05
This lowers the electrode potential into the range where evo







Figure 2.10: Standard voltages for possible electrode reactions in the carbon
Theoretical standard potentials of 
function of temperature are shown on Figure 2.
straight line is for carbon oxidation. The short dash line represents carbon monoxide 
oxidation. And the longer dash li
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C + 1/2O' → CO                                              
s fuel, and CO2 is then produced via Reaction 2.3:
CO + 1/2O' → CO'                            
via the so+called reverse “Bouduoard reaction”:
C +	CO' → CO                             
53) will lessen the coulombic efficiency of the cell, 
 presence is actively minimised. To do this, 
e difference between the 
+0.2 V in the SOFC working temperature range). 
lution of CO
cell [50]. 
possible reactions in a carbon
10 for 3 different reactions. The nearly 
ne is for carbon partial oxidation. The standard 
(2.51) 
 
            (2.52)             
 
                   (2.53) 
it is 
the carbon fuel 
2 is possible. 
[48]. 
+air fuel 
+air fuel cell as a 
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potentials are derived on the activity values of 1 for all reactants. This establishes that 
the OCVs of real cells should be varied due to actual activities of the reactants [50]. 
Even though, for temperature above 700 °C, the Boudouard equilibrium 
(C + CO' = 2CO) would predict that CO would predominate. It was summarised by 
researchers mentioned in [51] that carbon with high electrical conductivity, high in 
defects and low in crystallinity (most reactive carbon) has higher electrochemical 
reactivity leading to a faster desorption of CO2 to undergo a 4e
+ reaction (in a MCFC. 
Without depletion of carbon in the Boudouard reaction to undergo 2e+ reaction, the fuel 
cell would be allowed higher utilisation of carbon fuel, thereby enhancing the 
efficiency. 
Instead of using typical solid anode and molten carbonate electrolyte or 
hydroxide electrolyte, an LTA+ICFC utilises liquid tin anode as an oxygen solvent and 
a solid YSZ electrolyte, like other SOFCs. Therefore the electrochemical reactions 
when using a carbon fuel become: Applying Eq. (2.50) with the LTA+ICFC, the cell 
reactions are: 
Cathode:   O2 + 4e
+ → 2O2+                                                                                    (2.54) 
Anode:   Sn +2O2+ → SnO2 + 4e
+                                                                  (2.55) 
                       SnO2 + C → Sn + CO2                                                                    (2.56) 
Overall:   O2 + C →CO2                                                                                        (2.57) 
Research done by Nerine et. al. [51] has shown that carbon morphology 
(structure) affects the efficiency of such fuel cells and therefore should be taken into 
consideration. The activity of various carbons in this type of cell is known to be a 
function of carbon structure on the molecular scale [46, 52], with the more disordered 
carbons displaying the highest activity such as activated carbon, graphite, charcoal, 
glassy carbon etc. A variety of carbon types were tested by Nerine et. al.  [51] to identify 
the most active form of carbon. The results obtained from different carbons operating at 
800 °C show that biochar+derived carbons, material with low crystallinity, gives the 
highest current density at 0.8 V of 100+125 mA/cm2. Additionally, a carbon fuel with a 
high degree of disorder in structure and domain sizes in the range of 30+100 nm was 
found to perform the best [53]. 
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Chuang et. al. [54] used methane as a fuel to feed in a prototype coal+based fuel 
cell to compare efficiency with other carbonaceous fuels such as coal, and coal+derived 
carbon. The cell reactions described are: 
Cathode: O2 +4e
+ → 2O2+ 
Electrolyte:  2O2+ (cathode) → 2O2+ (anode) 
Anode: CH4 + 3O
2+ → CO2 +H2O + 2e
+ (at the electrolyte/anode interface) 
 CH4 + CO2 → 2CO +2H2 
CH4 + H2O → CO2 + 3H2 
CO + H2O → CO2 + H2  
CH4 + 0.5O2 → CO + 2H2                 “partial oxidation of methane” 
C + O2 → CO2                          [550+950 °C] “carbon oxidation of coal” 
The methane reactions occurred at the anode catalyst layer were summarised 
from the working temperatures ranging from 600+1200 °C. And the performance of the 
fuel cell operating on coal was obtained from the temperature between 550 and 950 °C.  
 The results in [54] show that the system running on petroleum coke registered a 
higher power density than for other fuels such as coal, coal gas, and CH4, respectively. 
The authors also conclude that the performance of all the fuel cells is limited by the rate 
of ion diffusion across the membrane.  
 According to Dirk et. al. [55], methane reacts directly with oxygen or air to form 
CO and H2 in one step reaction, directly yielding an H2/CO ratio of 2: 
                     CH4 + 1/2O2  → CO + 2H2   (\HR = +37 kJ/mol)            (2.58) 
[54+56] 
which is also an interesting alternative for the production of syngas (partial oxidation of 
methane). This reaction can be applied for a carbon+air fuel cell fed by methane. If 
characterized by extreme reaction temperature exceeding 1000 °C, the reaction will 
result in very high reaction rates and thus extremely short residence times in the 
millisecond range [42]. This means that when a fuel cell operates on methane it should 
At the anode catalyst layer [600+1200 °C] 
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operate at 1000 °C or above. However, very high working temperatures would 
otherwise cause some material problems. 
 Using the reactor setup described by Dirk et. al. [55], syngas selectivities as well 
as methane conversions were investigated as a function of the CH4/O2 ratio and other 
major reactor operating parameters, such as the feed gas composition, cycling 
periodicity and total gas flow+rate. The results show that maximum attainable syngas 
yields could be shifted towards even higher flow+rates or shorter contact times due to 
the dynamically operated reverse+flow reactor (RFR).  In the RFR configuration, the 
gas through the reactor is periodically switched in flow direction in the reactor which 
comprises catalyst bed and heat reservoirs (so+called inert zone) as a 
regenerative/counter+current heat+exchanger. 
 Increasing flow rates of gas feeds lead to an increase in the amount of heat 
generated by the reaction per unit time and thus an increase in sensible heat leaving the 
catalyst zone which is then integrated through the internal heat+exchanger in the inert 
zones of the RFR unlike other steady+state reactor. This indicates that the reactor 
configuration in their study could also be an interesting for other high+temperature short 
contact time reactions.  
2.7.3 Direct Carbon Fuel Cells 
2.7.3.1 Introduction 
The direct carbon fuel cell (DCFC) is the only fuel cell type using solid fuel 
such as petroleum coke, coal, as well as charcoal [37], and has a number of advantageous 
features. Solid carbon is directly fed into the anode compartment and electro+oxidized 
to CO2 at high temperature producing electrical power output (Figure 2.11) 
[57]. 
Carbon, if used as a fuel, has a very high energy density per unit volume when 
oxidized with oxygen (20.0 kWh/L) [37] higher than for many other fuels used in fuel 
cells such as hydrogen (2.4 kWhL+1), methane (4.0 kWhL+1), gasoline (9.0 kWhL+1), 
and diesel (9.8 kWhL+1) [34]. 
The DCFC offers great thermodynamic advantages over other fuel cell types, 
such as MCFC and SOFC [37, 53, 58]. Its theoretical electrochemical conversion efficiency 




C + O2 = CO2                  E
° = 1.02 V                        (2.59) 
The efficiency of the cell is calculated as follows: 
                                              eff	(% = ∆∆ 	× 100%                                               (2.60) 
From Eq. (2.60), at standard condition at 600 °C: 
∆G = ∆H − T∆S 
∆G = −394.0 − [873(1.6 × 10&] [37, 57] 
∆G = 	−395.4	 kJ mol+1 
 So, 
Eff = −395.4−394.0 × 100% 
Eff = 100.36	% 
By using a coal (without cogeneration) an electrical efficiency of around 80% [53] could 
be achieved due to nearly 100% fuel utilization efficiency. The actual efficiency is not 
100% because 20% of the efficiency is lost due to voltage efficiency (εV = Vi/Vi=0). 
Still, a DCFC is possibly one of the most efficient electrochemical power generation 
systems since its efficiency is higher than those of either MCFC or SOFC. A DCFC 
release lower emissions than coal+fired power plants. This may cut 50% carbon 
emissions from coal and 10 times off+gas volume reduced compared to conventional 
coal+burning power plants. It also releases no particulates (fly ash) into the air. Fuel 
resources are easily available from various sources such as coal, petroleum coke, 
biomass (rice husk, nut shells, corn husks, grass woods etc.) and also organic waste. 
Carbon particles produced from pyrolysis can also fuel DCFC. DCFC systems can help 
conserve energy and reduce environmental pollution caused by coal shipping and 
handling. The system can therefore be built on the site of a coal mine because the 
DCFC can convert raw coal directly to electricity and is mechanically simple to build 
due no requirement of reformers or heat engines. Several DCFCs with different 
configurations have been successful tested on laboratory scale with efficiency higher 
than 80%. It also produces a lot less pollution emissions, compared to that of a coal+
firing power plant (10%). 
Even though the DCFC might be able to achieve about twice the efficiency of 
conventional steam power plant, the scale+up of the DCFC to replace the power plant 
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will still face a number of challenges such as a high IR drop and a substantial large unit 






Figure 2.11: Schematic of a direct carbon fuel cell configuration [57] 
 
 In 1855 and 1877, Bacquerelle and Jablochkoff [57] built an electrochemical 
device using electrode+grade carbon as the anode, Pt/Fe as the cathode, and fused 
KNO3 as an electrolyte. After that in 1896, Dr.William Jacques 
[53] demonstrated the 
first large assembly of cells consisting of 100 single cells with rods of baked coal as the 
anode, iron pods as the cathode, and molten sodium hydroxide as the electrolyte in the 
temperature range of 400+500 °C and achieved electrical power of 1.5 kW from the 
system. However, the actual performance and the electrical power generation 
mechanism were suspect. For example, the cell reaction was believed to be  
C + 2NaOH + O2 = Na2CO3, E°298 = 1.42V 
and since the electrolyte was consumed by an irreversible reaction this device was 
considered not a fuel cell but rather a battery. Because of the lack of reliability as well 
as the improved efficiency of the steam+driven generator in the early 20th century, 
DCFCs were neglected until the 1970s. In the 1970s, SRI International (Menlo Park, 
CA, a National Energy Technology Laboratory (NTEL, Morgantown, WV) contractor) 
studied and verified that it is practically possible to completely electro+oxidize carbon 
to generate electricity. The Anbar and Weaver patent of 1976 [59] sought to use 
carbonate as the electrolyte. The cell consisted of a molten lead anode with the fuel+rich 
molten carbonate electrolyte (40%Li2CO3/30%K2CO3/30%Na2CO3), floating on top at 
an operating temperature of 650+750 °C. Baur and Tobler (1933), and Howard and 
Liebhafsky and Cairns (1968) [57] have reviewed some early research relating to the 
DCFC in order to point out the most important technological challenges to be solved 
for DCFC to become a feasible energy source. In 2003, Cooper et. al. [58] issued two 
 new patents of the considerable advances in MCFC technology, for the electrochemical 
oxidation of hydrogen.  
Because of the difficulty of the interaction between the solid fuel and the solid 
electrode/electrolyte membrane in most fuel cells, most research (2008) has focused on 
high+temperature liquid electrolyte concepts. Using a solid electrolyte with a fuel 
electrode/electrolyte based on a slurry of liquid electrolyte and solid electrode (see 
Figure 2.12) is an alternative way to solve this problem 
removes solid/solid contact problems. It has been revealed that by employing a solid 
oxide electrolyte to separate the cathode and anode compartments while utilizing a 
molten carbonate electrode on the anode side it is possible to avoid the need for CO
(the product of carbon electrooxidation) circulation which is normally needed to 
increase interaction between the solid fuel and the solid electrode/electrolyte 
membrane. There is a similar idea utilizing a liquid metal/oxide redox shuttle, which 
has been published in the US 
 Figure 2.12 shows the integration of SOFC and MCFC technologi
solid oxide electrolyte to separate the cathode and anode compartments, whilst a molten 
carbonate electrolyte is applied to extend the anode/electrolyte region. Oxygen is 
reduced to O2− ions at the cathode and transported across the solid elect
membrane to the anode compartment, where carbon is oxidized to CO
Figure 2.12: Schematic of a DCFC utilizing a composite anode based
2.7.3.2 Types of DCFCs
2.7.3.2.1 DCFC with Molten Carbonate 
DCFCs widely use mixed molten carbonates (e.g. Lithium carbonate (Li
Potassium carbonate (K
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2CO3)) as electrolytes due to their high conductivity, good 
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stability in the presence of CO2, and suitable melting temperature. In molten carbonate 
fuel cells, the anode and cathode reactions can be expressed as Eq. (2.61) and Eq. 
(2.62), respectively. 
                     C + 2CO3
2+ = 3CO2 + 4e
+                                              (2.61) 
                     O2 + 2CO2 + 4e
+ = 2CO3
2+                                                                   (2.62) 
The final equation is as follows: 
                          C + O2 = CO2                                                                                        (2.63) 
The cell voltage is given by Eq.  (2.64) 
         E cell = E° + [(RT/4F) ln [CO2]
3
anode
 + (RT/4F) ln ([O2][CO2]
2
cathode)]              (2.64) 
Cooper et. al. at Lawrence Livermore National Laboratory (2005) (LLNL, 
Livermore, CA) constructed a DCFC with a tilted orientation design (Figure 2.13) [60+64] 








Figure 2.13: Schematic of the LLNL tilted direct carbon fuel cell with carbon particle 
anode [57, 60+61] 
2.7.3.2.2 DCFC with Molten Hydroxide Electrolyte (MHFC) 
William Jacques (2001) [57] successfully used molten sodium hydroxide as the 
electrolyte in the first DCFC. Nevertheless, molten hydroxides have been rejected 
because they react with CO2 produced by carbon oxidation to form carbonates. 
Researchers in Scientific Application & Research Associates (SARS, Cypress, CA) 
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revived the exploration of DCFC with a molten hydroxide electrolyte. DCFCs with 
molten hydroxides can be operated at a lower temperature, typically around 600 °C, 
due to their higher ionic conductivity and higher activity of the carbon electrochemical 
oxidation. Because of these advantages, the DCFC can be fabricated with cheaper 
materials and thus lower the DCFC costs.  
 Goret and Tremillon (1966, 1967) have indicated that the carbonate formation 
may be subjected to a chemical process (Eq. 2.65) and an electrochemical process (Eq. 
2.66). The electrochemical process comprises of two steps: a fast chemical step (Eq. 
2.67) and a slow electrochemical step, the rate+determining step (Eq. 2.68).  
                                         2OH+ +CO2 = CO3
2+ + H2O                                              (2.65) 
                                      C + 6OH+ = 3H2O + CO3
2+ + 4e+                                          (2.66)     
                                            6OH+ = 3H2O + 3O
2+                                    (2.67) [fast+step] 
                                             C + 3O2+ = CO3
2+ + 4e+                               (2.68) [slow+step] 
A cylindrical pure graphite rod acting as both the anode and fuel is immersed 
into molten hydroxide contained in a cylindrical or prismatic container, which is 
serving as the cathode simultaneously, as presented in Figure 2.14. However, the 
studies of this type of fuel cell revealed that there are some problems, for example: the 
cost of making carbon electrodes, electrolyte degradation as a result of ash in the fuel, 
and interactions between the fuel and the electrolyte. In addition, because the carbon 
anode also serves as the fuel cell source, the NaOH electrolyte was consumed in the 







 Figure 2.14: Schematic of the SARA direct carbon fuel cell with a carbon rod anode 
 Moreover, due to the entire device being shut down periodically to refuel and 
replace the electrolyte, it ran as a battery and not as a fuel cell. In practical terms, the 
cell was expensive (in part 
consumed to synthesize NaOH is taken into account, the MHFC efficiency is 
considered even lower.  
2.7.3.2.3 DCFC with YSZ
 Solid oxide and molten carbonate fuel cell technologies have been integrated 
using Yttria+Stabilized Zir
include a U+tube consisting of a metal mesh cathode current collector, a cathode layer, 
an electrolyte layer, and a metal mesh anode collector. This structure is submerged into 
a liquid anode made of a 
carbon particles. Stirring the mixture enhances the contact between the carbon particles 
and the anode current collector, which improves mass transport, and makes it possible 
to improve the operation 
patented a unique DCFC design which combined advances in SOFC and MCFC 
technology (Figure 2.1
facilitate the contact between carbon p












because of the high cost of NaOH). When the energy 
+based solid electrolyte (DC+SOFC)  
conia (YSZ) as electrolyte material. Their components 
mixture of molten elements (Li2CO3+K2
[57+58]. Balachov et. al. (2005, 2006) [66+67] at SRI International 
5(A)). The DCFC operates in a turbulence mode (flow) to 












Figure 2.15: Schematic of the SRI direct carbon fuel cell combining advances in the 
SOFC and MCFC technology. (A) cell configuration and (B) flowing liquid anode 
 A variety of fuels such as coal, tar, coke, acetylene black, plastic and mixed 
waste have been tested in the DCFC. The results showed that SRI International (an 
independent, nonprofit corporation, USA) (2005) achieved power densities greater than 
100 mW.cm+2 at 950°C (Figure 2.
pretreatment. This is competable to the power densities achieved by commercial MCFC 
plants operating on natural gas. Pointon 
cell used as a high energy density battery for military applications 
 A test on direct oxidation of coal in a SOFC
Tao at Cell Tech Power LLC (Westborough, MA) (2003
of 10mW.cm+2 at 0.248 V and 50 mW.cm
°C, respectively, using 0.6 mm thick La
(ZnO2)(HfO2)0.02(Y2O3)0.08
anodic current collector. 
Meanwhile, Chuang at the University of Akron (2005) carried out a study 
involving the investigation of SOFCs with solid carbon (C
preliminary results of the investigation using coke as fuel and focusing on the anode 
catalyst of SOFCs showed that the open circuit voltage can reach 0.8 V at temperature 
57 
16) when conventional coal was used without 
et. al. (2006) reported a similar study of the 
[57]
+like structure was undertaken by 
+2005) [69+70]
+2 at 0.507 V were obtained at 800 and 1002
0.84Sr0.16MnO3 as the cathode, 0.12 mm thick 
 as the electrolyte, carbon black as the anode and Pt as the 
 
(s)) as the fuel 
[66+68] 
.  
. A power output 
 
[71]. The 
 around 700 °C, and the current density of 50 mA.cm
temperature of 950 °C. 
Figure 2.16: Performance of the SRI direct carbon fuel cell liquid anode
 Duskin and Gür at Clean Coal Energy (CCE) (2005) 
combining SOFC and fluidized
existing operation system at present. It may be possible to enhance mass transport by 
using their configuration due to continuous carbon feeding and good contact between 
the carbon fuel and the solid electrolyte. 
Figure 2.17: Schematic of CCE envisioned direct carbon fuel cell combining SOFC 
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and fluidized+bed technologies [68] 
 [66] 
proposed DCFCs 
 but there is no 
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Several substantial attempts have been made to address many serious 
challenges, both with respect to fundamental and engineering aspects. It has been 
suggested in [57] that  
• The mechanism of electrochemical oxidation of carbon in various molten salt 
electrolytes and the dynamic behavior within the carbon+electrolyte double layer region 
should be investigated in order to better conceive the anodic process at the molecular 
level.   
• The relationship between the carbon nanostructure and the electrochemical 
reactivity should be understood in order to provide useful information for extraction of 
carbon from coal and for developing anode catalysts if needed. 
• The influence of impurities, such as sulfur, hydrogen, nitrogen, and minerals 
contained by cheap and readily available carbon (e.g. coal, coke, biomass, and waste 
plastics) on the carbon electro+oxidation rate, electrolyte, anode current collector and 
other fuel cell component materials should be examined.   
• Weaver et. al. (1975) claimed that addition of 10wt% of coal fly ash to molten 
carbonate electrolyte did not measurably change the carbon polarization curve 
measured in a half cell system. This could draw research attention of the separation of 
ash from the electrolyte and recovery electrolyte from exhausted melt.  
• A smart cell design of DCFC allowing continuous feeding of solid carbon 
without interrupting the cell operation and without explosive release of volatile 
components is required.  
• The suitability of MCFC or SOFC components, such as the cathode catalyst 
and/or electrolyte adopted in current DCFCs, requires further confirmation. DCFC 
performance might be improved using new electro+catalysts and molten salts systems.  
Taking into account all current remaining issues revealed by Cao et. al. [57] the 
DCFC system might be less feasible than other types of fuel cells, e.g. MCFC and 
SOFC. Nevertheless, the possible solution to solve its problems might be the 
integration of a DCFC with a MCFC or a SOFC.  
 2.7.3.2.4 Liquid Tin Anode Carbon
Although SOFCs can operate with a wide variety of fuel sources, at high 
operating temperatures of conventional SOFCs (ca. 750
elements/contaminants contained in these fuels increase 
of their materials, reduce the electrochemical reaction rates, and cause material phase 
changes resulting in mechanical failure by reacting with the anode materials. To cope 
with the impacts of such reactions, increasing the robustness of t
improve tolerance for exposure to contaminant materials is needed. Accordingly, the 
liquid metal anode is taken into consideration due to several benefits such as reduced 
direct contact between fuel impurities
the anode (usually Ni).  
 LTA+CAFC is an unconventional high temperature SOFC
fuels. LTA+CAFC still uses conventional SOFC electrolyte (YSZ) and cathodes but 
applies an anode based on liquid tin instead o
metal+air fuel cell with continuous regeneration of the metal oxide produced 
liquid tin anode is the key feature of the LTA
containing fuels including solid, liquid, a
processing and also offers a higher degree of tolerance to coal contaminants that poison 
conventional nickel+based anodes 
Tin is an ideal anode for this type of fuel cell as it is available, low cost 
used in already+in+use auxiliary power unit (APU), non
carbon (fuel), and also has other wide industrial applications
unique anode for direct coal input as a result of being in liquid phase (no









+Air Fuel Cells (LTA+CAFC) 
+1000 °C), trace 
the electric oh
he anode materials to 
, such as sulphur, and solid anode 
 using carbon
f a solid anode [72]. The LTA
+ CAFC because it can run on any carbon
nd gas without reforming or other fuel 
[72, 74].  
+toxic, not poisoned by sulphur, 
 [73, 75]. Also, liquid tin is a 
2.18: Liquid tin anode SOFC [76] 
mic resistances 
that can poison 
+based 







Planar solid oxide fuel cells are sometimes assumed to have higher specific 
power compared to tubular fuel cells because of its thinner electrolyte or higher surface 
area.  That is because the electrolyte can be fully covered by the liquid metal anode 
hence higher contact area with the anode and fuels; and when the electrolyte with the 
same weight is chosen the planar design in comparison to the tubular design can be 
made thinner owing to its simpler practicability to fabricate cell’s components and 
better mechanical strength thereby having higher surface area. But planar LTA fuel cell 
for direct oxidation of hydrocarbons is not a viable architecture: it only works at single 
cell level due to the leakage/sealing difficulty and multi+layer assembly problem 
especially for this tubular+reactor design.  
As can be seen in Figure 2.18, an example of such technology is CellTech Power’s 
direct conversion fuel cell technology based on the liquid tin anode solid oxide fuel cell 
(LTA+SOFC) running on coal (or H2) 
[76]. The liquid anode layer fully covers the active 
oxygen exchange area between the electrolyte and the anode. The liquid tin anode acts 
as a buffer for the electrolyte against fuel contaminants, as it obstructs the transport of 
insoluble, ash+ or slag+forming elements, and hinders the transport of soluble 
contaminants. The rate of contaminant reaction could then be deduced by the liquid tin 
anode. In spite of the possibility to poison the electrolyte, fuel contaminants can also be 









Figure 2.19: Chemical and Electrochemical Reactions of a LTA+SOFC applying coal 
[74] 
Figure 2.19 shows cross section of the cell components of a tubular LTA+SOFC 
developed by CellTech Power for use of coal, and the reactions occurred at the 
interfaces including reactants in, and products out of the cell. The porous ceramic 
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matrix/separator is the key component for this small lighter cell design. The porous 
ceramic matrix performs key functions of fuel delivery to the liquid tin and enclosing 
the liquid tin around the electrolyte. The latest porous separator design contained a 
typical porosity of 65% and a network of interconnected pores <200 pm [77]. The 
competency of the porous ceramic matrix to encapsulate the liquid tin layer was by 
reason of the high surface tension of liquid tin (>500 mN.m+1) [78]. Although the high 
surface tension of molten tin allows the tin to be enclosed by the porous matrix it could 
lead to beading formation of the liquid tin on the electrolyte, thereby resulting in 
uncovered areas of electrolyte. To solve the problem, CellTech Power used empirical 
data to determine an ideal tin thickness of 300+500 pm which are the thickness that 
alleviates the beading effect of the liquid tin on the electrolyte surface and not too high 
for the oxygen not to diffuse through the tin. Furthermore, the wall thickness of the 
porous ceramic matrix of 2.5 mm was required to securely retain the liquid tin, which is 
determined by empirical data and modelling from inhomogeneity of the pore size and 
morphology of the matrix. 
2.7.4 Liquid Tin Anode Indirect Carbon+Air Fuel Cells (LTA+ICFC) 
The concept of operation of a LTA+ICFC is very similar to that of a LTA+
CAFC. Figure 1.6 (in Chapter 1) demonstrates a schematic of the fuel cell coupled to 
‘ex+cell’ combustion reactor in which carbonaceous particles are oxidised to CO2 by 
dissolved oxygen in molten metal. Molten tin, with a melting temperature TM = 231.9 
ºC, is used not as a carbon solvent, but as an oxygen solvent to oxidise carbonaceous 
fuels in an external reactor (on the right hand in Figure 1.6) that will deplete that 
dissolved oxygen, evolving CO2, which could be captured and treated subsequently. If 
the dissolved oxygen solubility is exceeded, then SnO2 is predicted (see more details of 
oxygen solubilities in Chapter 3) to form which itself could oxidise carbon, as it does in 
the industrial production of tin by carbothermic reduction. The cathode and electrolyte 
are common with conventional high temperature solid oxide fuel cells (SOFCs) 
provided by Fuel Cell Materials, and from McDanel Advanced Ceramic Technologies, 
USA. In a complete concept of LTA+ICFC, after depletion of the dissolved oxygen in 
the oxidation reaction, the molten tin will then be returned to the electrochemical 
reactor for further oxygenation. 
63 
 
As can be realised, the LTA+ICFC provides a number of benefits over the 
DCFCs. The advantages of the LTA+ICFC (‘indirect’, ex+cell oxidation route [79]) are 
summarised and described in Chapter 1. 
The electrochemical reactions that would take place in the reactor demonstrated 
in [79] are: 
Cathode (e.g. (La0.8 Sr0.2) MnO3+x(Y2O3)0.08(ZrO2)0.92): 
                                             
( ) 22 4 2O g e O
− −
+ →                                                 (2.69) 
Electrolyte (e.g. YSZ): 
                                     
( ) ( )2 22 2O cathode O anode− −→                                       (2.70) 
Anode: 
                                           
( ) 24 2[ ] 2Sn lle O O
− −+ ←                                                 (2.71) 
Overall: 
                                                 ( )
( ) [ ]2 2
Sn l
l
O g O→                                                 (2.72) 
(See Figure 1.6 for schematic of ‘indirect’ carbon+air fuel cell, coupled to combustion 
reactor, where carbonaceous particles are oxidised to CO2 by dissolved oxygen in 
molten metal.) 
In addition, the reaction that takes place in the carbon oxidation reactor is principally: 
                                  [ ] ( )
( ) ( )22
Sn l
l
O C s CO g+ →                                                 (2.73) 
This leads to the overall process: 
                                ( ) ( )
( ) ( )2 2
Sn l
O g C s CO g+ →                                                 (2.74) 
The rate of the undesirable anode reaction: 
                             
( ) ( ) 22 4 2SnO s e Sn l O
− −
+ ← +                                                 (2.75) 
can be limited by control of current densities, mass transport rates and dissolved 
oxygen concentration in the bulk liquid tin. 
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2.8 Literature review  
2.8.1 Current research on LTA+SOFC 
2.8.1.1 LTA+SOFC utilizing a liquid anode (molten tin) electrode 
CellTech Power (2006+2008) [29, 75, 80+81] has developed a proprietary technology 
of the LTA+SOFC. The uniqueness of the liquid tin anode to directly use carbonaceous 
fuels without reforming has been described in [29, 68, 75, 80+83]. A liquid tin anode is 
used in a configuration that can function as primary battery, secondary battery or a fuel 
cell. In battery mode, oxygen from air enters at the cathode side. Oxygen ions cross the 
ceramic electrolyte (typically YSZ) to react with molten tin. After reacting with molten 
tin, the metal oxide dissolves into the liquid metal anode. The reaction can continue 
until the liquid+metal anode is completely converted to an oxide. To “recharge” the 
system, or operate it as a fuel cell, carbon fuel is added to the anode to reduce the tin 
oxide while the cell is delivering power. A schematic of a LTA+SOFC utilising a liquid 
tin anode which can operate on JP+8, Gasoline, Coal, and CH4 by using a porous 
ceramic separator is presented in Figure 2.20. 
The electrochemical equation (2.76) for power production is:  
   Sn + O2                               SnO2               ∆G = +311 kJ               (2.76) 
Either carbonaceous fuels or hydrogen are used to reduce the tin oxide back to 
tin to complete the fuel cell cycle. The LTA+SOFC technology has been demonstrated 
at the single cell, stack and system level including a 1 kW natural gas distributed 
generation system. A successful development of a Direct JP+8 fuel cell for portable 
power using the LTA+SOFC has been reported by Cell Tech [29, 75, 80+81]. More recently, 
the LTA+SOFC has been demonstrated as a powerful competitor for direct conversion 




Figure 2.20: Schematic of a LTA+SOFC utilizing a molten tin electrode [81] 
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 CellTech Power LLC (2005) lists three applications of the LTA+SOFC 
technologies. These are:  
1) Portable Power (100 W or 1 kW): rechargeable batteries for soldier power operating 





Figure 2.21: Cell stack assembly of LTA+SOFCs for rechargeable batteries for soldier 
power operating on JP+8, diesel and most common fuels [81] 
2) Auxiliary Power Generation (<1 kW): diesel generators used throughout the 
industrial world for back+up and prime power, and  
3) Utility Power (1 MW and above): the liquid tin anode is projected to achieve 60% 
efficiency, more than 50% the efficiency of today’s coal power plant (a coal power 
plant is around 30+40% efficient).  
 The work of Cell Tech Power (2008) [75] was presented in the 9th Annual SECA 
Workshop Pittsburg, PA. They reported that the Direct Coal Power Generation using 
Liquid Tin Anode Fuel Cell obtained contaminations of interest below detectable limits 
namely Arsenic (As), Chromium (Cr), Molybdenum (Mo), Niobium (Nb), Selenium 
(Se), Tantalum (Ta), Tellurium (Te), Tungsten (W), Uranium (U), and Vanadium (V) at 
operating temperature of 1000 °C in batch mode. The liquid tin anode was used to 
investigate impurities and efficiency of the cell/stack. 
 The research work: Direct Carbonaceous Fuel Conversion Including JP+8 In the 
Gen 3.1 Liquid Tin Anode SOFC carried out by Tao et al. was presented in Fuel Cell 
Seminar (2007) by Thomas Tao [83]. They constructed 4 times smaller and lighter LTA+
SOFC than previous generation (Gen 3.0). The results show the improvement of power 
density produced by the system using JP+8.  
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The Liquid Tin Anode SOFC for Direct Coal Conversion: A system Perspective 
was a presentation topic presented by Thijssen, J., LLC (2008) [82] in USA. They 
discussed and concluded the results obtained from the stack operation of LTA+SOFC. 
All in all, LTA+SOFC is a metal+air fuel cell with continuous regeneration of the metal 
oxide produced.  
The advantages are:  
 Liquid anode (LA) generation allows conversion of almost all fuel in LTA+
SOFC: Promises high efficiency and straightforward carbon capture 
 LA tolerates many coal impurities such as it oxidizes sulfur as fuel: 
promises reliable operation 
 LA helps eliminate expensive units, such as gasifier, air separation unit 
(ASU), and gas turbines, compared with IGCC: holding potential for low cost. 
However, there are some key questions to be answered during the later stage of 
development. These concerns consist of: can LA+SOFC be made sufficiently robust for 
reliable power generation, can power densities be raised to achieve acceptable cost, and 
can the technology be scaled+up.  
Additionally, preliminary work on LTA+SOFC supported under US Department 
of Energy (DOE) (2008) [82] indicates that 60+% efficiency is feasible with LTA+SOFC 
with Carbon Capture and Storage (CCS) provided efficient thermal integration. They 
could also have the potential for high+efficiency (60% electrical efficiency based on 
coal based on a high+efficiency fuel cell stack), low+cost (<10% increase in Levelized 
Cost of Energy: LCOE) if stack cost can be kept to less than $750/kW), clean coal 
power generation (>90% carbon capture). Despite the possible achievements and no 
fundamental showstoppers for LTA+SOFC at this point, there are significant challenges 
about its viability as a coal+based power technology. One of the serious challenges in 
order to promote LTA+SOFC as an alternative technology for a power station is the 
lack of thermodynamic data of anodic reactions in LTA+SOFC system. Further, the 
solubility of oxygen must be better+understood. Moreover,  a number of basic 
technology challenges such as stack operation in presence of coal contaminants other 
than sulfur, power density limitations, including the limitations imposed by the limited 
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solubility of SnO2 in Sn(l), and ability to break the conductive path through the flowing 
tin to allow voltage build+up in the stacks are also need to be tackled. 
2.5.1.2 Summary 
As the experimental results of Cell Tech Power, it has conclusively been shown 
that the LTA+SOFC system is planned to be more efficient and much simpler in terms 
of the balance of plant than competing technologies for complex hydrocarbon fuels. 
Moreover, for the liquid fuel testing system and solid fuel operation, efficiencies at the 
cell level measured directly are 40% using the liquid fuel, and 60% using solid fuel 
respectively [29]. The LTA+SOFC technology has been identified as a unique technology 
because of its advantages in commercial and military applications up to 1 kW without 
requiring either bulky, inefficient reformers or a specialty fuel, such as hydrogen or 
methanol.  
To determine the feasibility of using the LTA+SOFC as a reliably alternative 
energy source, CellTech supported by the Electric Power Research Institute (EPRI) has 
demonstrated that the LTA+SOFC provides several advantages. The most important key 
is there is no need to have fuel clean+up steps such as desulfurisation or devolatilisation. 
The other advantage is the gasifier and associated oxygen plant used for other 
integrated coal gasification combined cycle (IGCC) or integrated coal gasification fuel 
cell combined cycle (IGFC) systems can be removed, reducing system cost and 
complexity. The third advantage is the high efficiency obtained by direct conversion of 
coal, carbon and biomass etc. Nevertheless, some engineering challenges will have to 
be addressed, for instance; stability of materials under hostile conditions (temperature, 
molten metal, mechanical stresses, erosion etc.), sealing of cells and components, 
insulation to mitigate against too high heat losses, and design of the SnO2 
reduction/coal conversion reactor and the electrochemical reactor, which is one of the 
objectives for this study.  
While the LTA+SOFC is still under preliminary development, it appears to be an 
extremely attractive technology for fuel+flexible power generation applications. The 
LTA+SOFC offers simplicity, low cost and high efficiency. In small scale applications, 
the ability to operate directly on JP+8 has created enormous attention from military 
customers. CellTech Power has focused on improving power density and durability for 
this military application. Successful military application will expand commercial 
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markets for APU’s and eventually coal power station. However, cell’s lifetime and 
durability still need to be improved for large scale applications 
In short, the studies of these different configurations of DCFC did not account 
for the electrode processes. Hence, in the next topic, some reaction mechanisms taking 
place in fuel cells are also studied. 
2.5.2 Electrochemical oxidation of carbon 
2.5.2.1 Electrochemical oxidation in MCFC 
The DCFC system generally employs molten salt electrolytes such as cryolites, 
molten carbonates, and molten hydroxides [51, 57]. Some important experimental findings 
regarding anodic oxidation of carbon in molten carbonate electrolyte are given below: 
+ The predominant product is CO2 at potential greater than around 0.1 V, at 
temperature above 700 °C. 
+ The overall electrochemical oxidation of carbon was the same as its 
complete combustion. 
+ When current densities between 20 and 120 mA.cm+2 were applied, the 
current efficiency based on four electron process was above 99% through the 
temperature range 650+800 °C. 
+ At the high current densities, 90% of the anode gas measured was CO2. 
+ The lower the current density, the higher the CO/CO2 ratio. 
+ The anodic oxidation of carbon would produce CO as the major species at 
temperatures above 750 °C according the well+known Boudouard reaction equilibrium 
C + CO2 = 2CO 
+ Factors affecting, the rate of the carbon reaction composed of carbon 
properties such as crystallinity, electrical conductivity, surface area, and particle size. 
+ The poorly crystallized as well as highly lattice disordered carbons are the 
more reactive since there are more surface defects acting as active sites. 
Due to the fairly high operating temperatures of the fuel cells (generally higher 
than 600 °C), the mechanism is difficult to detect and needs to be supported by some 
indirect evidence. The study of mechanisms summarized and proposed by Haupin et.al. 




2− (aluminafluoride species) → 2O2−+2Al2OF4 O
2−   free ion formation (2.77) 
          CRS +O
2−→ CRSO
2− First adsorption                                                   (2.78) 
          CRSO
2−→ CRSO
− +e− Fast discharge                                                   (2.79) 
          CRSO
−→ CRSO + e
− Fast discharge                                                     (2.80) 
          CRSO + O
2−→ CRSO2
2− Slow adsorption (rate+determining step)       (2.81) 
        CRSO2
2−→ CRSO2
− +e− Fast discharge                                                 (2.82) 
          CRSO2
−→ CO2 (g) + e
− Fast discharge and evolution                        (2.83) 
 Shown in Eq. (2.77) the mechanism initiated by the dissociation of an alumina+
flouride species to form a free oxide ion. Then this ion adsorbing on the surface (Eq. 
(2.78) and discharged in two, one+electron steps to form a strongly bound CO 
functional group at reactive carbon sites such as edges or steps (Eq. (2.79+2.80)). This 
functional group decomposes to form only free CO very slowly. 
The first oxygen atom adsorbs as shown in Figure 2.22(A) at CRS (a reactive site 
carbon atom). The second adsorption of oxide onto the CRSO site (Eq. 2.81) 
[40] is 
kinetically hindered, requires considerable overpotential, and constitutes the rate+
determining step for carbon oxidation to CO2. Subsequent discharge of this adsorbed 
species occurs in two, one+electron transfers (Eq. (2.82+2.83)) to form an unstable 





Figure 2.22: Pictorial description of the carbon electrochemical oxidation. (A) the first 
oxygen ion adsorption and (B) the second oxygen ion adsorption and CO2 formation 
[51] 
Figure 2.22(A) shows initial oxygen deposits as C2O, a stable surface 
compound. Compound C3O2, in Figure 2.22(B) is formed as the surface becomes 
covered, requiring additional overvoltage and it make C3O2 simply cleaves. And the 
dotted line indicates CO2 is releasing while new surface carbon atom is forming.  
Cherepy et. al. (2004) proposed in [51] that carbonates strongly decompose at a 
high temperature, 700 oC, to form oxygen ions, it is reasonable to replace Eq. 2.28 in 




             2CO3
2+                                        2CO2 + 2O
2+                           (2.84) 
From reaction 2.77 + 2.84, the net reaction observed for carbon anode in molten 
carbonate melts is  
                               CRS + 2CO3
2+                               3CO2 + 4e
−                                            (2.85)                                             
The reactions occurring in the direct carbon fuel cell are [51]:  
        Cathode:  O2 + 2CO2 + 4e
+                                  2CO3
2+                                   (2.86) 
                  Anode: C + 2CO3
2+                  3CO2 + 4e
+                                              (2.87) 
                   Overall:  C + O2                           CO2                                    (2.88) 
Several significant reactions listed in [59] are shown and described as follows:   
      C + 2O2+                                        CO2 + 4e
+                                           (2.89) 
         C + O2+                                          CO + 2e+                                         (2.90) 
         C + 2CO3
2+                                   3CO2 + 4e
+                                       (2.91) 
        C + CO3
2+                                   CO + CO2 + 2e
+                                 (2.92) 
        CO2 + O
2                                      CO3
2+                                                (2.93) 
        C + CO2                                       2CO                                                  (2.94) 
         CO + O2+                                      CO2 + 2e
+                                         (2.95) 
 Eq. (2.89): The ideal anode reaction is the direct electrochemical oxidation 
of carbon to CO2. 
 Eq. (2.90): The partial oxidation of carbon to CO may also occur at the 
anode.  
 Eq. (2.91+2.92): The anode reactions by the molten carbonate as an 
electrochemical mediator. These two reactions require solid/solid interaction as O2+ ions 
are supplied from solid electrolyte.  
 Eq. (2.93): The regeneration of CO3
2+ ions which should follow Eq. (2.91+
2.92). 
 Eq. (2.94): The reverse “Boudouard reaction. The carbon can be converted 
via this non+electrochemical reaction, KB = [(PCO)
2/PCO2.aC] 
[84]. 
 Eq. (2.95): The electrochemical oxidation of CO at the anode in the DCFC. 
The chemical energy can be converted to electric power via this reaction. The 
maximum energy density can be achieved by fully oxidizing carbon to CO2.  
The new concept of the DCFCs has been demonstrated by [59] using tubular 





results. There is no need for CO2 circulation and the protection of the cathode from 
molten carbonate. This new concept also allows the use of materials already developed 
for SOFC applications. However, it has been argued that it is difficult to probe the 
detailed anode reaction with those tubular cells because the available surface areas of 
the electrolyte and electrode are difficult to control and sealing may not be complete. 





Figure 2.23: Cell components and construction of short tube semi+fuel cells (a) NiO 
anode, (b)YSZ electrolyte, (c) LSM/YSZ composite cathode and (d) LSM (current 
collector) [59] 
According to Sneh et. al. .[59], the electro+oxidation of carbon contacting a solid 
electrolyte, like Y2O3+ZrO3 (YSZ) might follow the similar process to molten 
carbonates owing to presence of O2+. 
2.8.2.2 Electrochemical oxidation in MHFC 
As Zecevic et. al. (2004) reminds us in [37], molten hydroxide electrolyte needs 
experiment verification whether the Cooper mechanism (see Eq. (2.78+2.83)) which is 
proposed for carbon oxidation in molten carbonate works or not for hydroxide 
electrolyte as a result of the existences of other oxygen containing ions which may also 
take part in carbon anode oxidation rather than O2+, such as O2
2+, O2
+ and OH+. These 
ions may take part in the anode oxidation of carbon. The mechanism comprises six 
reaction steps, involving adsorption, electrochemical discharge, desorption steps as 
similar to Eq. (2.78+2.83). 
 Even though the mechanism for the electrooxidation of carbon (anode reaction) 
and the electro+reduction of oxygen (cathode reaction) in MHFC are not clearly 
understood, the overall electrode reaction may be given in the following equations: 
                          C +	6OH& → CO'& + 3H'O + 4e&      (anode reaction)             (2.96) 
                        C + 	2CO'& → 3CO' + 4e&                     (anode reaction)             (2.97) 
                         O' +	2H'O + 4e& → 4OH&                     (cathode reaction)          (2.98) 
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2.8.3 Factors affecting cathode microstructure and electrochemical 
performance 
The cathode structure has been recognized as one of the principle factors 
determining cathode polarization which affects the performance of the SOFCs [85]. The 
cathode material should fulfil a number of requirements such as thermal and chemical 
stability together with improving performance and durability under working conditions 
as well as reducing systems cost. Moreover, the cathode material should possess 
adequate electrical conductivity and compatibility with electrolyte [86]. In addition, the 
material should be able to be fabricated into porous electrodes with sufficient 
mechanical strength and high specific surface area [87]. 
Lanthanum Strontium Manganate (LSM) +La1+xSrxMnO3+ is a perovskite oxide 
ABO3 where La
3+ ions at the A+sites are partially substituted by Sr2+ ions. LaMnO3 is a 
p+type semiconductor which has intrinsic p+type conductivity due to the formation of 
cation vacancies providing the small polaron hopping between holes between Mn3+ and 
Mn4+ ions. The electrical conductivity of the material can be enhanced by substituting a 
lower+valence ion, such as Sr2+ in place of La3+. Sr+doping enhances the electrical 
conductivity of LaMnO3 by promoting the formation of Mn
4+ in order to maintain local 
charge balance and by increasing number of holes [88]. In addition to the appropriate 
electro+catalytic properties, LSM also has to contain about 30% open porosity as a 
cathode [89].  
Figure 2.24 shows the conductivities of sintered (1100 °C) LSM obtained by 
different methods. The conductivity increases with temperature, as expected for a 
semiconductor. The Arrhenius plots of “ln(σT)” versus “1/T” all exhibit a linear 
dependence over a wide range of temperatures, as predicated by the following equation: 
                                                   ln(σT = lnA −	 l
$                                                (2.99) 
where σ, A, T, R and Ea are respectively the conductivity of the material; a constant 
associated with crystalline structure and composition of material; absolute temperature; 












Figure 2.24: The electrical conductivity of LSM pellets as a function of reciprocal 
absolute temperature (LSMCU, LSMCI, and LSMSS are LSM powder synthesised by 
the combustion method, the citrate method, and solid+state reaction, respectively) [88]. 
The charge carriers are transported by the Mn3+–O–Mn4+ network. The 
oxidation of Mn3+ into Mn4+ occurs in order to maintain local electrical charge 
equilibrium. The results from the electrical conductivity measurement of LSM at 200 
°C and 1000 °C are 2.08 S.cm+1 and 3.5 S.cm+1 respectively.  The addition of Sr2+ to 
La3+ in A+site leads to the changes in oxidation states of Mn ions which can then be 
subsequently balanced by two defect reactions. The possible defect reactions related to 
electron hole products (h.) and oxygen vacancy (VO
..
)
 are shown as follows:  
 





.                  (2.100) 
 





..               (2.101) 
Therefore, it is believed that both the electron hole and oxygen vacancy are 
contributing to the electrochemical conductivity of LSM [85]. 
Apart from LSM it is also necessary to study the property of YSZ as it is one of 
the cathode components that have a main factor affecting ohmic resistance and ionic 
conductivity of the composite cathodes. YSZ is manufactured by doping ZrO2 with the 
acceptor Y2O3. Zirconia exists in three phases, monoclinic (up to 1100 °C), tetragonal 
with distorted fluorite structure (up to 2400 °C), and a cubic fluorite structure (above 
2400 °C). The cubic fluorite structure (Figure 2.25(A)) has a face+centered cubic (fcc) 





occupy the octahedral sites and the O2+ anions the tetrahedral sites. And the remaining 
octahedral sites are occupied by the Zr4+ cations [90]. It is widely known that adding 
Y2O3 to ZrO2 associates stabilizing the cubic phase YSZ and also enhances the 
concentration of oxygen vacancy. The substitution of Zr by Y is attuned by the charge 
of oxygen vacancy (VO
..) (see Figure 2.25(B)). The replacement reaction is described as 
follows:       
Y'O +	ZrO' → 2Y’Zr	 + 	3O 	+ 	V¦¦                                   (2.102) 
Even though the ionic conductivity of YSZ increases with increasing dopant 
concentration due to the increase of the ionic charge carrier, the conductivity does not 
increase monotonically after reaching the maximum at a certain dopant concentration. 
It was reported in literature that an increment of 8+10 mol+% Y2O3 in ZrO2 results in the 






Figure 2.25: (a) The cubic fluorite structure of ZrO2 (b) YSZ cubic fluorite type 
structure [90] 
At lower temperature than 550 °C the higher activation energy was found 
because of the association of the point defects (Y’ZrVO
..) at grain boundary; whereas at 
higher temperature than 550 °C VO
.. migrates inside the grain interior resulting in higher 
electrical conductivity (e.g. 6.67 x 10+2 S.cm+1 at 1000 °C) [85].  
Mixed ionic and electronic conductors, LSM+YSZ, used as cathode materials 
offer better electrochemical performances for SOFCs owing to the occurrence of 
oxygen reduction at both TPB (triple+phase boundary) and over the entire surface of the 
electrode [85]. There are several studies of the effect of microstructure and sintering 





1) Volume ratio 
Volume ratio of cathode mixtures is related to the connectivity of each cathode 
component that provides sufficient pathways for ionic and electronic transportation. 
Therefore, the volume ratio of the mixed conductors should be controlled within or 
nearly the percolation threshold. The effect of volume ratio on the polarization 
resistance of the composite cathodes LSM and YSZ was extensively studied by Kim et. 
al. 
[91]. The relation between the volume ratio and the polarization resistance of the 
cathodes was explained using an equation related to the percolation characteristics. The 
equation exhibiting the effect of particle size ratio on percolation in mixtures of metal 
and polymers is shown as follows [91+92]: 
                                                V8 = 100. [1 + % ɸ¨©Eª>ª«]                                        (2.103) 
Where Vc = percolation limit, Rp = radius of the polymer particle, Rm = radius of metal 
particle, and Xc (surface fraction of a primary phase particle “covered” by any 
contiguous dispersed phase particles) = 0.42, and ɸ (the reciprocal of the planar packing 
factor) = 1.27 for the cubic lattice [92]. ɸ indicates the effective coverage that results 
when the surface of a primary particle is contacted by a specific packing arrangement 
of dispersed particles [92]. This can be used to explain the phenomenon of increasing of 
the polarization resistance when YSZ is added into LSM. Regarding the Eq. (2.103), it 
was found that the percolation limit decreases as the ratio of radius of polymers to that 








Figure 2.26: Polarization resistance (Rp) of LSM+YSZ electrode with particle size ratio 
(DLSM/DYSZ) and YSZ content at temperature of 950 °C, PO2 of 0.2 atm 
[91] 
 It is seen from Figure 2.2
smaller particle size is lower than that of larger LSM due to the larger contact area 
between the cathode and electrolyte. On the other hand, when 10 wt
the polarization resistance is decreased. This can be explained using the percolation 
limit equation. Since the percolation limit of the larger D
the smaller DLSM/DYSZ it results in the lower polarization losses of the LSM
10+40 wt+% of YSZ added. 
until 15 wt+% of YSZ is added
isolated by LSM. Above 30 wt
network is added. And it sh
the added YSZ forms a network. These results are also similar to those done by Tsai 
al. 
[93] concluding that increasing YSZ from 0 to 60 vol
current area+specific resistance of the cells operating in air and humidified hydrogen.
When sintering temperatures higher than 1200
secondary phases such as La
be formed when Mn is less available such as in 20 vol
LSM+YSZ, the LSM is more stable due to higher Mn availability resulting in less LZ 
and SZ formation [85]. As can be seen in Figure 2.2







Figure 2.27: Polarization resistance
axis) of LSM+YSZ electrode with YSZ content (T = 950
 Apart from the polarization and ohmic resistance, the resistivity of pure LSM 
and LSM (50 vol+%)+YSZ 
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6 that the polarization of LSM without YSZ containing 
+
LSM/DYSZ is lower than that of 
In case of DLSM/DYSZ = 4, the connectivity is not formed 
. From 0 wt+% to 15 wt+% the added YSZ powder is 
+% the polarization decreased continuously as YSZ 
ows that the three phase boundary increases effectively after 
+% in LSM reduced the low
 °C are employed, undesirable 
2Zr2O7 (LZ) and SrZrO3 (SZ) were occasiona
+% LSM+YSZ. But in 50 vol
7, the ohmic resistance cont
 
 (Rp) (1st y+axis) and ohmic resistance
 °C, PO2
was higher than that of pure LSM and





lly found to 
+% 
inually 
 (Rb) (2nd y+
 = 0.2 atm) [91] 
 40 and 60 vol+% 
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LSM+YSZ (see Figure 2.28) [93]. That conductivity in the LSM+YSZ is dominated by 
LSM because the resistivity of YSZ is approximately 103+104 times higher than that of 







Figure 2.28: Resistivity of LSM and LSM (50 vol+%) –YSZ cathodes, prepared using 
three different LSM powders [93] 
2) Thickness 
According to the results from the study of Influence of electrode thickness on 
the performance of composite cathodes for SOFCs demonstrated by Knut et. al. [86] and 
Antonio et. al. [94], it can be seen that the polarization resistance generally decreases 
with the cathode thickness increasing up to 20+40 pm with a small increase for thicker 
cathode (<80 pm). At constant temperature the polarization resistance always decreases 
by about 50% from the value of the thinnest electrode (~5 pm) to about 40 pm [94]. This 
is because the potential active sites increase with the electrode thickness. Nonetheless, 
the cathode thickness should not be increased infinitely since the ionic contribution to 
the resistance in the electrode path is expected to increase continually simultaneously. 
However, measurements for cathodes thicker than about 80 pm are also interesting 
from a practical point of view since coating a thicker paste could make the fabrication 
of cathodes more facile. In addition, when the smaller diameter of YSZ+powder is used 
to prepare the LSM+YSZ composite cathode it gives the better electrochemical 
performance [86]. This is also in accordance with Kim’s work [91] describing that the 
particle size ratio affects the electro+chemical performance and a larger particle size 
ratio exhibits a lower percolation limit which increases electrochemical performance. 
Nevertheless, while very small particles (particle diameter <0.2 pm) are randomly 
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formed in the electrode structure, diffusion limitations can become crucial rather than 
ohmic and activation losses [95]. Despite the fact that various cathode preparation 
techniques have been used to prepare cathodes for SOFCs, a promising processing 
route which is low+cost and time+saving is still required.  
3) Sintering temperatures 
The microstructure and performance characterization of LSM+YSZ composite 
cathodes with respect to sintering temperature were made by Jorgensen et. al. [96], while 
the study of the synthetic route, a wet+chemistry solution process, of LSM sintered at 
different temperatures on electrical conductivity was performed by Marjan M.[89]. 
Sintering temperatures for achieving optimal electrode properties from the composite 
cathodes are rather limited. For example, at higher than 1250 °C the sintering of LSM+
YSZ leads to the formation of undesirable phase such as La2Zr2O7 (LZ) for a low Sr 
content (x < 0.3) or SrZrO3 (SZ) for a higher Sr addition (x > 0.3) 
[85]. On the other 
hand sintering at lower 1100 °C cannot form the perovskite phase. These two 
undesirable reaction products are found at the interface of LSM+YSZ. Having the LZ 
and SZ products leads to the degradation of SOFCs due to the much lower electrical 
conductivity of both zirconates than of YSZ. However, to achieve sintered LSM with a 
relative density of close to 100%, sintering temperatures of 1100 °C had to be used [89]. 
The highest conductivity σ = 65 S/cm was obtained at 800 °C for a sample with relative 
density of 99.58%. 
In contrast to the thickness of sintered samples the density of the sintered 
elements increases with an increased sintering temperature [89]. Therefore, the sintering 
temperature should be controlled in order to acquire cathode porosity of approximately 
30 to 40%. Decreasing this to less than 30% porosity results in mass transport limitation 
because of the small pore size [89, 93]. On the other hand, porosity values higher than 
50%, lead to LSM+YSZ with inadequate mechanical strength for cell fabrication and 
subsequent characterization. Reported in [93] the sintering condition at 1150 °C for 1 h 
provided a porosity of LSM+YSZ with LSM (0.5 pm) of ~39% but a porosity of pure 
LSM with the same particle size of ~44%. Increasing the sintering temperature to 1200 
°C resulted in 22% porosity of sintered LSM+YSZ. Additionally, the porosity of the 
sintered element appeared to be affected by initial particle size and particle size 
distribution of the cathodes. According to the results reported in [80], the LSM+YSZ 
 having smaller particle size and narrower particle size distribution showed higher 
porosity values. The lower
either air or O2 as the oxidant with H
behaviour suggestive of mass transport limitation 
4) Particle size, Particle size ratio and Percolation
An investigation of the effect of percolation on the electrochemical performance 
of LSM+YSZ composite electrode was carried out by Kim 
that the polarization resistance
the particle size of LSM and YSZ (showed earlier). The cathode polarization resistance 
decreases along with the decrease of their particl
resistance is related to the connectivity of LSM
when YSZ connectivity occurred. Four basic microstructures of the composite cathodes 
prepared by varying the particle size ratio and
[92]. The different microstructures t
isolated, (2) random but continuous, (3) segregated but isolated, and (4) segregated and 
continuous (see Figure 2.2
’segregated’ point to the geometry of the mixtures which is related to the particle size 
ratio (Rp/Rm). On the other hand, the words ‘isolated’ and ‘continuous’ describe the 
continuity of the dispersed powder phase in terms o








Figure 2.29:  Influence of Particle size ratio (R
disperse phase (V) on the microstructure 
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–porosity cathodes when tested in cell performance using 




[91]. It was determined 
 of the LSM+YSZ depends on the particle
e size. In addition, the polarization 
+YSZ particles and decreased suddenly 
 the volume fraction was made by Kusy
hat could be generated comprise
9). It was explained that the words ‘random’ and 
f VC, the critical volume percent of 
 
p/Rm) and volume percent of the 
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+current 
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where e+ is an electron from the electrode and VO and O
2+
O symbolize an oxide ion 
vacancy and an oxide ion in the crystal lattice of the electrolyte, respectively [78]. It can 
be seen that the reaction requires the presence of oxygen and electrons as well as the 
vacancies for the transportation of generated oxide ions from the reaction sites into the 
bulk of the electrolyte. In addition to the TPB for oxygen reduction, the connectivity of 
LSM and YSZ is also an important factor. The particle size ratio of LSM and YSZ 
could affect the electro+chemical behaviour of the LSM+YSZ mixture electrodes in 
terms of percolation characteristics. As mentioned earlier the effect of volume ratio of 
LSM and YSZ (see Figure 2.27), when >40 wt+% of YSZ was added, the lowest 
polarization resistance was found but the ohmic resistance was increased continually 
with the addition of YSZ.  
More interestingly, it is necessary for a mixture of an electronic insulator (YSZ) 
and a conductor (LSM) to contain minimum 40 vol+% of the electronic conductor 
(LSM) to be able to distribute the property of the conductor [91, 93]. It was also found 
that the lower polarization resistance was reported at a volume ratio of 50:50 in 
comparison to 70:30 (YSZ:LSM) [86]. 
5) Size distribution  
Three different sizes of LSM+YSZ composite powders were prepared using 
three different mechanical methods and sintered at 1150 °C for 2 h by Jintawat et. al. 
[97]. The powders possessed surface areas of 8.7 (LSM+YSZ1, D50=0.45 pm), 8.1 (LSM+
YSZ3, D50=0.37 pm), and 10.9 (LSM+YSZ2, D50=6.49 pm) m
2/g, respectively. 
Regarding the microstructure, internal and polarization resistance of these three 
obtained composite cathodes, it was found that the composite particles that contained 
more narrow size distribution and fine grains showed uniform porous structure and 
good contact with the electrolyte and hence lower internal and polarization losses. 
To sum up, numerous researchers have investigated the effects of different 
factors such as volume ratio of the mixed conductors, thickness of the cathodes, 
sintering temperature, particle size ratio of the cathodes and percolation as well as size 
distribution of the cathodes on microstructure, electrochemical performance and also 
electrical property of the cathodes. The details of these factors have been described 
earlier and will be used as the principles to construct a useful cathode that will be 
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applied onto the YSZ electrolyte of the LTA+ICFC later on. The experiments on 
cathode preparation, fabrication, and characterization are presented in Chapter 5. 
Chapter 5 will mainly focus on the preparation of the composite cathode LSM+
YSZ and LSM current collector and its effect on surface properties (macroscale) and 
electrical properties of the sintered cathodes for the purpose of making a cathode for the 
YSZ based ICFC in this thesis. 
2.8.4 Electrolyte Performance of High Temperature Fuel Cells 
Because of its distinguished ionic conductivity, stability in both oxidizing and 
reducing environment, and stability against the electrode materials Y2O3+stabilised+
ZrO2 (YSZ) is one the most prominent materials used in SOFCs. It was reported in the 
literature that ionic conductivity of 8 mol+% YSZ is about 0.1 S.cm+1 at 1000 °C [90,  96], 
and the electronic conductivity of it is less than 0.07x10+2 S.cm+1 [72]. The sintering 
conditions of the electrolyte strongly affect the microstructure of the electrolyte such as 
grain size, intergranular phases and relative density associated with the ionic 











Chapter 3:  
Computation on Fuel Cell Performance 
 
3.1 Theoretical OCV of Sn+O system  
In the operation of a liquid metal SOFC system, the liquid anode participates as 
an ‘intermediary’ for the oxidation of fuel delivered for the fuel cell. The general form 
of the ideal Nernst potential can be written as, 
                                                     E[ = 
$¬L ln(Pv­DPv­H                                                (3.1) 
However at sufficiently large concentration of oxygen in the liquid metal anode, 
a solid metal+oxide secondary phase, in this case SnO2(s), can form and equilibrate with 
the liquid metal and oxygen present in the liquid tin, which are represented as MOx, M, 
and (x/2)O2 in Eq. (3.2)) respectively. The condition that the oxygen in the liquid metal 
is in equilibrium with that in the oxygen (from the electrolyte) in the anode chamber the 
source of oxygen to react with the liquid metal anode can be extracted from both 
sources [105]: 
                                M + (x/2)O2                  MOx                                                                      (3.2)  
At equilibrium, the change in Gibbs free energy is zero: 
                                      \G = 0 = \GoM+MOx – RT ln (a&^/'                             (3.3) 
Therefore the activity of molecular oxygen can be solved as 
                                            (a&^/' = exp ∆°®­®v¯
$                                            (3.4) 
At a point where both metal and metal+oxide phases are present within the liquid metal, 
which is discovered at the electrolyte+liquid tin anode interface for the LTA+ICFC 
design, a specific activity of oxygen is expected [105] for a specific operating 
temperature as shown in Eq. (3.4). Eq. (3.5) indicates that the ideal potential will only 
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be a function of the cathode oxygen activity as long as some of the anode remains 
reduced. It can be written as: 
                                            E[ = &∆°®­®v¯¬L + 
$¬L ln(a&=                                   (3.5) 
Given the above explanation, it can be concluded that the ideal potential for a 
liquid metal anode SOFC will be the same as any other fuel cell but only individually 
depending on their cathode and anode oxygen partial pressure as can be seen in Table 








Figure 3.1: Nernst potentials for Sn(l) + O2(g)  ↔  SnO2(s)  at different operating 
temperature. Cathode air O2 partial pressure = 0.21 atm 
When operating under no load condition at elevated temperatures, the ideal 
open circuit voltage cell potential (EOCV) that is correspondent to the cell reaction of 
Sn+O can be plotted and shown in Figure 3.1. An example of the calculation of 
E[	or	E= is presented in Appendix C.1. Figure 3.1 shows the ideal standard potential 
and the ideal equilibrium potential under no load condition of the Sn+O system in the 
range of 600 to 1000 °C. The equation expressing the ideal potential is  
                                      E[ = EW + 
$¬L . ln[p,D]                                          (3.6) 
where EN is the ideal Nernst voltage, E
o is the ideal reversible voltage which is 
equivalent to 
&∆°
¬L , when \G° is the standard state Gibbs free energy for the overall 
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reaction  Sn(l) + O2(g) ↔ SnO2(s), which is only a function of temperature, R is the 
universal gas constant, T is absolute temperature, and F is the Faraday constant.  
The EOCV values obtained from Marek et. al. 
[106], Belford et. al. [107], and 
Thermodynamic software FactSage version 6.3 [108] are in good agreement but for those 
obtained from Ramanarayanan et. al. [109] and Chou et. al. [110] who presented values 
somewhat lower than those predicted here. This discrepancy of the EOCV can be 
explained by the following: those who provided EOCV at 600+1000 °C in the range of 
0.77+1.0 V, the electrolyte used for acquiring \G of formation of SnO2 was Yttria+
stabilized Zirconia (YSZ). Even though in Belford’s experiment, the electrolyte used 
was a solid solution of Yttria in Thoria the Nernst potential shows similar results since 
it was described in [107] that for oxygen partial pressures pO2, in the range of 10
+11+10+
16 atm at 800 °C, the conductivity of the electrolyte was independent of pO2. Moreover, 
for oxygen partial pressures pO2 in the range of 10
+30+10+36 atm at 585+700 °C the 
variation of the EOCV was within 0.004 V which can be neglected assuming the 
electrolyte did not influence the experimental results for \G. On the other hand, some 
significant electronic conductivity of the ZrO2 + (3 to 4 percentage of CaO) used as the 
electrolyte in Ramanarayanan’s [109] work was exhibited and the EOCV values have not 
been corrected.  
As a consequence, regarding to LTA+ICFC, the Nernst potential of Sn+O system 
in the range of 600+1000 °C and very low partial pressures of oxygen in liquid tin (pure 
tin) would be expected to be the EOCV similar to those values provided by Marek, 
Belford, and Thermodynamic software FactSage version 6.3.  
 
3.2 The Ideal Nernst Potential of Sn+O System Under 
Working Condition 
In order to predict the cell voltage under working conditions of LTA+ICFC at 
elevated temperatures ranging from 600+1000 °C, maximum oxygen solubility at each 
temperature obtained from a well+known and widely used thermodynamic database 
software, FactSage6.3 (see Sn+O phase diagram in Figure 3.2), is used.  
 The calculated voltage of the 













While the above theoretic
estimating fuel cell performance, in a real operating fuel cell (i > 0 A/cm
concentration in the liquid tin 
limitation of oxygen solubility in the liquid tin. Under load condition the oxygen is 
continuously fed into the liquid tin until the maximum solubility has reached and SnO
will form. The formation of
decrease the fuel cell performance. And if there is no fuel inserted to the fuel cell, the 
liquid tin bulk can be fully oxidised and the Nernst potential of the LTA
will significantly decrease from the initial value (of pure tin system).  Therefore it is 
crucial to predict the ideal potential at different working temperatures using saturated 
atomic percentage (at+%) from thermodynamic data and literature. The at
from literatures are converted to oxygen activity and then applied to the Nernst 
equation (as illustrated in Appendix C.3). The predicted ideal potentials at elevated 
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LTA+ICFC with fully dissolved [O2
+O phase diagram obtained from FactSage 6.3 
al equilibrium analysis (in section 
will increase. At an individual temperature, there is a 
 SnO2 film at the electrolyte/liquid tin interface will 
+](l) is illustrated in 
[Prattana] 







temperatures can help observe the actual changes of oxygen concentration in a fuel cell. 
To do that, at least two fuel cells have to be used at the same time, one of them working 
under load condition and another one under no load condition. For instance, at 700 °C 
and certain amount of liquid tin, in a certain period of time that is calculated to fully 
dissolve the oxygen in the tin by using one cell, it can be concluded by several 
scenarios that: 
(1) if both cells provide the potential of between 0.3+0.35 V (see Figure 3.3 at 
700 °C), it could be inferred that the maximum oxygen solubility in the tin bulk has 
been reached and the oxygen is thoroughly dissolved in the tin 
(2) if the working cell (under load) gives the potential around 0.35 V or below, 
but the reference cell (no load) does not change significantly, it could be inferred that 
the oxygen concentration at the surface of the working cell has reached the maximum 
and the bulk SnO2 is formed, and there is very small amount of oxygen in the liquid tin 
and 
(3) if the working cell gives the potential around 0.35 V or below and the 
potential measured from the reference cell considerably differs from the OCV, it could 
be inferred that there is oxygen dissolved in the liquid tin to some extent despite the 
formation of SnO2 at the working cell’s surface. 
According to literature [76, 109] and thermodynamic modelling software FactSage 
6.3 data, the dissolved oxygen (in at+%) and the Nernst potentials at different 
temperatures are demonstrated in Figure 3.3. The at+% of oxygen at each temperature 
was obtained experimentally when oxygen was fully dissolved in liquid tin at 
equilibrium condition.  
As can be seen in the Figure 3.3, the at+% of oxygen obtained from FactSage is 
not presented due to lack of data. However, the Nernst potential at different 
temperatures can alternatively be calculated (shown in Figure 3.3 using green line) 
from the oxygen activity provided by the FactSage software. The calculated Nernst 
potentials acquired from FactSage are then compared to other literature values which 













Figure 3.3: at+% of dissolved oxygen in liquid tin and Nernst potential plotted at 
different temperatures, using cathode O2 partial pressure of 0.21 atm 
The results show that the at+% of oxygen dissolved in liquid tin at equilibrium 
vary quite substantially between Harry’s and Ramanayanan’s works above 800 °C. 
However, the Nernst potentials of the Sn+O system are fairly consistent as function of 









Figure 3.4: Nernst potentials for Sn(l) + O2(g)                SnO2(s)  at different operating 
temperature. Cathode air O2 partial pressure = 0.21 atm as a function of at+% oxygen 
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To visualize the relationship between at+% of oxygen (x+axis) and oxygen 
activity (secondary y+axis) Figure 3.4 is plotted. The graph exhibits a significant 
increase of oxygen activity for an oxygen concentration above ~0.3 at+%. However, the 
Nernst potential shows little dependence on oxygen activity. The Nernst potentials for 
the Sn+O system at maximum oxygen solubility in liquid tin at the temperatures ranging 
from 600+1000°C are compiled and presented in Figure 3.5. An example of the 









Figure 3.5: Nernst potentials at maximum oxygen solubility as a function of 
temperature at.+% oxygen Cathode air O2 partial pressure = 0.21 atm 
 
3.3 Operational Limitation: Current Density (Oxygen 
Transfer rate), and Operating times 
To calculate the time needed for the complete dissolution of oxygen in liquid tin 
at a designated external load, Faraday’s law [111+112] and Nernst potential (calculated 
from oxygen solubility in the liquid tin) were applied. The theoretically Nernst 
potentials acquired from different literatures including FactSage6.3 software are shown 
in Figure 3.6. The schematic diagram of the electrochemical reactions involved in 











Figure 3.6: Schematic diagram of electrochemical reactions of oxygen reduction in the 
LTA+ICFC 
According to Faraday’s law [111+112], the current, i, caused by an electrochemical 
reaction is a direct measure of the rate of the electrochemical reaction: 
                                           i = Z	 = nF [	                                                    (3.7) 
where Q is quantity of electrical charge in Coulombs (C) [112],  
 n is the number of electrons transferred, 
F is Faradays constant, 96,487 C/mol, 
 
[
	  is the rate of electrochemical reaction, mol/s. 
And the current density, jcell, can be calculated from the following equation: 
                                              j = S^ = nF	 n%^ . [v	 o = nFJ                                 (3.8) [111] 
where J is the molar flux of oxygen in this case when the fuel cell is producing a 
current density at the YSZ electrolyte // liquid tin interface, mol/cm2.s. 
The YSZ electrolyte is an oxygen ion conductor at temperatures between 700 
and 1000 °C [113]. In the SOFCs, oxygen is transferred through the electrolyte as oxygen 
ions i.e. electrochemically. By drawing the current from the fuel cell using a constant 
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external load (regulated by a decade resistance box), oxygen is pumped 
electrochemically from the cathode (air electrode) through the electrolyte into the liquid 
tin. The oxygen can dissolve in the liquid tin until the solubility of the oxygen at the 
chosen temperature is reached. After the maximum solubility limit has been reached, 
theoretically, the dissolved oxygen will react with the liquid tin to form the undesirable 
tin+oxide (SnO2(s)) as a bulk material. The SnO2 is undesirable since it will be more 
difficult to reduce and thus decrease the fuel cell performance or cause the significant 
concentration polarization of the fuel cell during operation.  
The overall electrochemical reaction of LTA+ICFC (in battery mode): 
                                        Sn	 + 	2[O](7 	= Sn[O]',7 + 	4e&                                      (3.9) 
is controllable by regulating the amount of current drawn. In the LTA+ICFC, the 
relation between the oxygen transfer flux (JO2) of O
2+, from one electrode to another via 
the electrolyte, and the current is given by the Faradays law: 
                                                                   J = `E¬L                                                     (3.10) 
And the numbers of transferred electrons, n, in equation (3.10) are accorded to the 
charge+transfer reaction as shown below: 
                                                        O'(R = 2O'& +	4e&                                         (3.11) 
Once we connect the cell to the load, in accordance with Ohm’s law (V=IR) – 
assuming constant contact resistances and minimal overpotentials as shown before: the 
current drawn from the cell can then be calculated from [114]: 
                                                    I8677 = ²³´µm
´m³´l¶	
Yl·                                             (3.12) 
where Rinternal in SOFCs is mainly caused by the transport of ions through the electrolyte 
layer. If the ionic conductivity of an electrolyte is given as σ, the total resistance is 
given as  
                                                     RS	6OP7 = {¸.^E                                                  (3.13) 
where δ is the thickness of the electrolyte, which is 0.157 cm for the YSZ used in this 
work, and Acell is the reactive area of the YSZ electrolyte. The Acell is calculated from 
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the length of the YSZ electrolyte immersed in the 4kg of tin which is measured from 
the surface of the liquid tin to the closed+end of the electrolyte (11 cm), resulting in 
Acell of 23.14 cm
2.  
To calculate the available time of the fuel cell operating in battery mode at a 
given load resistance, ENernst of Eq. (3.9) at elevated temperatures, Icell from Eq. (3.12), 
Rinternal from Eq. (3.13) including the oxygen solubility in the liquid tin 
[107, 108] (for 
Nernst equation) were used. The results for the times that the fuel cell can be operated 
in battery mode before the onset of the formation of bulk SnO2 +at various external 
loads and different temperatures+ are shown in Figure 3.7. The calculation method for 
the results shown in Figure 3.7 is explained in detail in Appendix C.4. It is clear from 
this analysis that, theoretically, no tin oxide should form within the time frame of 










Figure 3.7: Operation time for tin/air fuel cell in battery mode for different 






Chapter 4:  
Designs and Experimental Set+up of 
Electrochemical Reactors 
 
4.1 Concept of a Novel Carbon/Air Fuel Cell 
Direct Carbon/Air Fuel Cells (DCFC) are the only type of fuel cell that can 
directly utilise solid fuels such as petroleum coke, coal and charcoal. If carbon is used 
as the fuel it releases a large amount of energy per unit volume, when oxidised with 
oxygen (20.0 kW h/l) [37]. A DCFC offers a significant thermodynamic advantage over 
other fuel cell types, such as MCFC and SOFC [37, 53, 57]. Again, the theoretical 
electrochemical conversion efficiency is based on Eq. (4.1).   
                    C + O' → CO'																																			E = 1.02	V                            (4.1) 
This conversion efficiency exceeds 100% to a small extent. 
In the operation of an indirect liquid tin anode system, the liquid tin contained in 
the reactor chamber and separated from the cathode by YSZ will participate as an 
“intermediary” for the oxidation of fuel delivered into an external reactor. A LTA+ICFC 
can operate on gaseous, liquid, and solid carbonaceous fuels without fuel processing, 
reforming or sulphur removal because the liquid tin layer fully covers the electrolyte 
thereby blocking the degradation of the electrolyte from contaminants. The reaction 
occurring on the anode side for oxygen dissolving into the liquid tin can be written as: 
                                Sn + xO'& ↔ Sn[O](7 + 	2xe&                                 (4.2) 
Because the state of oxygen in tin is still currently unknown and most likely 
varied depending on operating conditions, the parameter x in Eq. (4.2) is generally 
applied as a state of the oxygen at the YSZ/LTA interface. The LTA+based system 
possesses a number of advantages as listed below: 
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+ no fuel pre+treatment, and continuous feed is possible 
+ wide choice of carbonaceous fuels 
+ potentially simple, decoupled design and  construction 
+ facile electron transfer between liquid metal and carbon fuel (large interface 
area) 
+ CO2 enhances mass transport rate (due to bubble formation) 
+ no potential losses and current density distortion by CO2 or ash 
+ separate reactor temperature control 
 
4.2 Liquid metal reactors 
The liquid+metal+fuel reactor concept has been widely developed for advanced 
nuclear energy for electricity production for more than 15 years. Liquid metals were 
first considered as reactor coolants, and later as fuel carriers. The basic simplified 
concept of a ship+based nuclear reactor is to use liquid metals, such as lead+bismuth, in 
a looping+type reactor using a relatively large pipe for circulating the liquid metals. It is 
actually similar to the concept of liquid+metal anode fuel cell reactor that utilises 
circulations of a liquid metal for power generation but the liquid metal in a fuel cell 
reactor is used as an oxygen carrier instead. The liquid+metal+fuel+reactor concept was 
first suggested by von Halban and Kowarski in 1941 [115] but not further developed until 
1947 when a thermal, power+generating reactor employing a solution of uranium in 
bismuth was chosen due to its low melting point and low neutron capture cross section 
of bismuth, which is undesirable for a nuclear reactor. Due to low+melting point but 
high+boiling point of bismuth, the high+temperature operation of a bismuth+cooled 
nuclear reactor has a benefit of relatively low pressure operation lowering the risk of 
damage from explosion. This type of reactor was desirable due to the need of a nuclear 
reactor system to achieve comparable efficiencies (~40% efficiency). The liquid metal 
in a nuclear reactor, such as bismuth, can help reduce the reactor outlet temperature in 
the neighbourhood of 500 °C, which is one of the pros of a liquid metal system [115]. 
A number of other advantages of a liquid metal system over aqueous or solid 
systems are given as follow: 
(1) Liquid metals contain better heat+transfer properties than water 
(2) Metal can be operated at high temperature without causing high pressures 
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(3) Metal systems can be used for thermal reactors because the critical mass 
requirement are not excessive 
(4) Liquid metal can be circulated by electromagnetic pumps if required, even 
though the efficiency is probably low 
(5) Some suitable metals are not expensive 
Liquid+metal systems somehow have disadvantages over aqueous systems as listed 
below [115+116]: 
(1) Liquid metals are more difficult to pump  
(2) Liquid metals have higher density, which may be a disadvantage when the 
system needs to operate on low density fuels 
(3) The high melting point of most metals makes the start+up of a reactor 
difficult 
(4) One of the key limitations of design and application of liquid metal/alloy 
coolant systems in the ability of available structural materials to resist corrosion   
The corrosion by liquid metals/alloys can change the microstructure, 
composition, and surface morphology of the structural materials affecting the 
mechanical and physical properties of reactors. Therefore, high temperature physical 
and chemical interactions with liquid metals of structural materials can cause a system 
failure for liquid metal systems that is extremely undesirable, such as in advanced 
nuclear reactor system.  
 
4.3 Liquid Tin Anode+Indirect Carbon Air Fuel Cell (LTA+
ICFC) 
The concept of operation of a LTA+ICFC is very similar to that of a LTA+CAFC 
(see Chapter 2 for the details of LTA+CAFC). Figure 1.6 (see Chapter 1) demonstrates 
a schematic of the fuel cell coupled to ‘ex+cell’ combustion reactor in which 
carbonaceous particles are oxidised to CO2 by dissolved oxygen in molten metal. 
Molten tin, with a melting temperature TM = 231.9 ºC, is used not as a carbon solvent, 
but as an oxygen solvent to oxidise carbonaceous fuels in an external reactor (on the 
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right hand in Figure 1.6) that will deplete that dissolved oxygen, evolving CO2, which 
could be captured and treated subsequently. 
According to the concept of LTA+ICFC, the advantages of using a circulating 
liquid tin anode over other types of fuel cells can be indicated as follows: 
• Simple design and structure The reactor mainly consists of a “one+piece” 
liquid metal container which is easily constructed when a suitable material is selected.  
The fuel cell components can be adjusted to match the dimension of the liquid 
container. On the other hand, the reactor shape or dimension can be constructed to suit 
other fuel cells components. 
• Economy Tin is cheaper than many other anode materials. Numerous 
choices of liquid metal containers are available. Therefore, it is possible to control the 
cost of production because the liquid tin can also be reused after the depletion of 
dissolved oxygen to reduce the cost of the liquid anode.  
• Easy fuel handling and reprocessing Since hydrocarbon or carbon particle 
fuels can be circulated throughout the liquid tin anode by bubbling gas (which is similar 
to the concept of a fluidised+bed reactor that uses gas stream to circulate and convey 
solid particles) or a mechanical force, the reaction rate between the fuel and the oxidant 
could be enhanced. The unreacted/excess fuels can be easily removed from the liquid 
tin anode surface due to its lower density than liquid tin. Similarly, tin oxide or by+
products from impurities (e.g. SnS) can be removed from the reactor or treated for 
reuse. The continuous feeding procedure of fuel that could enhance a physical contact 
of liquid tin and the fuel would improve the percentage of fuel conversion and hence 
higher efficiency.  
• Ease of temperature control Liquid metals exhibit higher thermal 
conductivity than many other liquid media. Therefore the temperature of liquid tin will 
be stable and constant throughout the reactor (no gradients). 
• Suitable for electromagnetic pumping The molten metal can be transferred 
from one reactor to another for further reactions or any other processing by 
electromagnetic pump if necessary.  
A brief description of the working principles of the LTA+ICFC (Figure 1.6) is 
given as: the fuel cell consists of two processes (e.g. electrochemical and 
combustion)/reactors, which employ a liquid metal as an oxygen carrier fluid. In this 
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concept a carbonaceous fuel is not fed directly into the anode compartment of the fuel 
cell part but rather into an external combustion reactor to react with the dissolved 
oxygen. After depletion of oxygen, liquid tin will be recycled to the electrochemical 
reactor.  
In this Chapter, several design approaches for the electrochemical reactor are presented 
and analysed.  
 
4.4 Pellet Electrochemical Cell Designs 
 One of the goals was to accurately measure O2 solubility in a small liquid metal 
anode at different oxygen transfer rates.  A tubular electrochemical reactor made of 
dense alumina was selected to assemble with convenient pellet electrolyte geometry. 
Pellet electrolyte geometry offers several benefits to the fuel cell’s operation:  
 Liquid tin layer fully covers the active oxygen exchange area leading to 
preventing electrolyte being damaged by fuel contaminants or slag+forming constituents 
[76] 
 The weight of the liquid tin layer makes good contact between the liquid tin 
and the electrolyte surface by automatically “pressing” on the electrolyte. Good contact 
between the liquid anode and the electrolyte would increase the electrolyte surface 
efficiency because O2 reaction can be expected to occur over the full surface of the 
electrolyte  
 The SnO2 formed from the tin oxidation would float onto the surface of 
liquid tin layer due to its lower density resulting in no inhibiting layer at the YSZ 
electrolyte/LTA interface  
 Small quantity of tin is needed for solubility measurement and the 
electrolyte pellet can be easily modified according to the reactor diameters.  
Therefore, the pellet cell geometry for LTA+ICFC experiments was use as the 
first reactor. The pellet fuel cell was also used for the purpose of investigation of the 
fuel cell’s preliminary performance, when operated with a liquid tin anode.  
An open+ended alumina tube was used as the reactor body (~20.5 mm OD with 
a thickness of 3 mm). The reactor design is shown in Figures 4.1 (a+d). A 3+piece flange 
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was constructed from SS316, SS316 tubing and fittings. Two sizes of silicone o+rings 
were used to seal the reactor between the bottom+middle flanges, and the top+middle 
flanges respectively. A YSZ electrolyte sheet of 670 pm thickness was purchased from 
PI+KEM Ltd., UK. An electrolyte disc was cut to match the alumina reactor OD but 
with a slightly larger size due to anticipated shrinkage from sintering. The shrinkage of 
the electrolyte disc was a result of the binder’s burnt+out. The disc was sintered at the 
maximum temperature of 1450 °C for 4 h in air [118]. After being coated with LSM+YSZ 
and LSM composite cathodes (Chapter 5), the electrolyte/electrode was sintered at 
1100 °C for 3 h in air and then cooled to room temperature. The coated electrolyte was 
then mounted onto the bottom end of the alumina tube shown in Figure 4.2(a), using a 
coat of Aremco 885 ceramic sealant. The ceramic sealant was cured in 3 steps (1) at 
room temp for 2 h; (2) at 95 °C for 2 h; and (3) at 265 °C for 4 h. Current collection on 
the painted cathode was performed using silver mesh which was cut to closely match 
the diameter of the YSZ pellet. The voltage and current leads on the cathode were silver 
wires which were spot+welded to the silver mesh and coated by a silver paste to 
enhance the conductivity. For current collection on the anode side, A SS tube was 
brought into contact with the 14 mm height molten tin bath (Figure 4.1 (b)) to collect 
the anode current. The other end of the SS tube was not wrapped by any additional lead 
to prevent ohmic loss from their connection. It was attached to a multi+meter for 
polarisation/cell’s performance measurements by measuring current and voltage. The 
SS 316 tube also delivered inert gases such as He to the anode bulk to agitate the anode 
chamber. The gases were delivered to within 5 mm of the top of the liquid metal+
electrolyte interface. The gas feed can be either inert gas or fuel gas mixed with an inert 
gas (H2/He). H2 fuel was selected to reduce oxidised liquid metal for preliminary 
experiments because it lowers the risk of contamination of liquid metal and it is easier 
to deliver into this reactor design. Any carbonaceous fuels were not used at this stage to 
reduce the surface SnO2 film because of potential contamination and carbon residue 
deposition. Those contaminants such as sulphur and trace fuel constituents such as 
arsenic, phosphorous, and chlorine [76] are not desired since the oxygen solubility is 
needed to be measured from pure liquid tin.  
The photographs of the assembly button cell reactor and its components are 
shown in Figures 4.1 (a+c) and 4.2(c). Figure 4.1 (d) represents the cathode+coated and 












Figure 4.1: (a) pellet cell reactor with mounted electrolyte (b) stainless steel tubing 
used as the bubbling/fuel gas inlet and current lead (c) upper view of the middle flange 








Figure 4.2: (a) 3+D picture of the button cell (b) Schematic drawing of the button cell 
provided the internal diameter of 13.16mm (c) Experimental set+up of the button cell 
using vertical open+ended tubular furnace 
A tin slug removed from the reactor shows a thin tin+oxide layer on the top and 
the ceramic sealant at the bottom of the slug which can be seen from Figure 4.3 (a). 
Figure 4.3(b) shows a cracked sealant of the button cell exhibiting air+space/void 
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between the YSZ pellet and the alumina body which led to an undesirable air leakage 





Figure 4.3: (a) Photograph of the surface of tin slugs in contact with the electrolyte 
obtained from the button cell reactor (b) Cracked ceramic sealant at the bottom of the 
alumina button cell and a silver wire used as a current lead 
After fabricating a number of pellet cells, it was found that this cell design appeared to 
have several problems: 
(1) leakage through the sealant material  
(2) long period of times spent to assemble each cell and  
(3) difficulties in assembling the coated electrolyte and the current collector 
onto the reactor and managing good contact and conductivity. 
Consequently, this pellet/button cell design would not be suitable for a larger scale, 
stack or system level. Small batch one+piece metal reactor designs were therefore 
investigated subsequently. 
 
4.5 Batch Scale Oxygen Sensor Reactor Design 
4.5.1 Inconel 600 O2+sensor electrochemical reactor 
Modified 2+wire oxygen sensors (used as a solid electrolyte) used in this study 
to measure open+circuit voltage, current density, and power densities of the cell were 
obtained from Shepshed Auto Spares Ltd. in the form of a cone (after removal the 
metal cover and the thread of the sensor) with the slant height of 25 mm and the cone 
radius of 3.5 mm. The sensors made up of ZrO2+Y2O3 coated with Pt wires were used 
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as lead wires for the melt to measure electromotive forces (emf’s). The emf’s shown 
values of the cell were obtained via U1252A handheld digital multimeters from Agilent 
Technologies. The pictures of the real sensor and a drawing of the oxygen sensor for 





Figure 4.4: (a) Two wires oxygen sensor used in this study (b) Oxygen sensor’s 
dimension (c) Schematic diagram of a potentiometric oxygen sensor employing s 
thimble YSZ electrolyte and platinum electrodes [119] 
The main use of oxygen sensors is in the control of air+fuel mixture in the 
combustion engine of the automobiles. For high+temperature measurements of oxygen, 
ceramic+based sensors are the most practical. A YSZ oxygen sensor is an impenetrable 
tube+shaped oxygen ion conductor with a closed end and is coated externally and 
internally with porous Pt electrodes. A voltage generated from the sensor is dependent 
upon the differences between partial pressures of the oxygen in the sample (liquid tin in 
this case) and the oxygen in a references gas (air) and is determined by the Nernst 
equation [119+121].  
This sensor was chosen because it is a good ionic conductor especially at 
temperature higher than 400 °C; it provides reproducible, stable and accurate 
measurements of very low levels (ppm) of oxygen [119]; and it is also prefabricated by 
electrodes made it ready to use for a small batch reactor, and the electrolyte is the same 
material as the electrolyte for LTA+ICFC.  The YSZ oxygen sensor has stable crystal 
structure, mechanical, and electrical properties at high temperature up to 1000 °C, 
which is good for application for The LTA+ICFC. Figure 4.4(c) shows a schematic 
diagram of a thimble type YSZ based oxygen sensor. And the overall reactor occurred 
of the sensor can be given as 
                             
%
'O'(R + 	2e&(V	 +	V(º» ↔ Oº»                        (4.3) [119] 
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This type of oxygen sensor was therefore beneficial to apply with small batch metal 
electrochemical reactors according to its characteristic, applications and the 
experimental conditions. 
As it possesses a very high melting point and excellent high strength 
workability at high temperatures, typical of SOFCs, Inconel600 was chosen as a 
material of construction for a prototype design of a batch electrochemical reactor. The 
Inconel600 (a nonmagnetic, nickel+based high temperature alloy) reactor was 
cylindrical in shape in the form of 60 mm outer diameter (o.d.), 25 mm inner diameter 
(i.d.) and 69 mm in length, providing approximately 16 cm3 in volume. Pictures of the 
Inconel600 reactor are shown in Figures 4.5 (a+d). The Inconel600 reactor was 
constructed with one gas inlet and one gas outlet line. At the bottom of the reactor’s 
chamber there was a machinable ceramic plate perforated by a number of holes to 
minimise the gas bubble size and evenly distribute the feeding gas inside the reactor. 
Initially the inlet/outlet gas lines were connected to carry out batch experiments. When 
a gas was passed into the reactor via the drilled ceramic plate, a thick Inconel ring (see 
Figure 4.5 (b)) was used to prevent the ceramic plate from being dislocated. A 
perforated metal bar constructed from SS316 was placed onto the O2 sensor to hold the 














A cross section of the electrochemical cell and all cell components are shown in 






Figure 4.6: (a) Cross section of the Inconel O2 sensor reactor (b) The Inconel reactor 
with all components 
4.5.2 Batch Scale Oxygen Sensor Electrochemical Reactor Set Up 
4.5.2.1 Materials  
4.5.2.1.1 Chemicals and instruments: reagent+grade granulated tin used in this study 
was provided by Riedel+de Haën, Germany and was of 99.85 wt+% purity with the 
following impurities: Antimony 0.05 wt+%, Bismuth 0.02 wt+%, Copper 0.01 wt+%, 
Iron 0.02 wt+%, and Lead 0.05 wt+%. The metal was loaded into a cavity inside the 
stainless steel electrochemical reactor, which was cylindrical in shape in the form of 60 
mm outer diameter (o.d.), 25 mm inner diameter (i.d.) and 100 mm length, in quantity 
corresponding to 20 mm height in the liquid state of tin. A modified 2+wire oxygen 
sensor (used as a solid oxide electrolyte sensor) was used in this study to measure open+
circuit voltage, current density, and power densities of the cell. After the diffusion 
barrier of the oxygen sensors was removed, the EMF values and cell current of the cell 
were collected via a handheld digital multimeters from Agilent Technologies 
(U1252A). The multimeters displayed and recorded the EMF response of the sensor as 
a function of time when interfaced with a computer.  
4.5.2.2 Experimental procedure  
The principle setup of the oxygen sensor cells used for the actual reactor 
temperatures, open+circuit voltage, current density, and power density measurements, 
are shown in Figures 4.7+4.11. This test rig uses a HORBACH TECHNIK furnace, K+
type thermocouple, and Agilent multimeters. Radiated heat is distributed along the 
103 
 
length of the electrochemical reactor (chamber) via the furnace to melt the loaded tin. 
In this manner, the chamber is gradually heated up to the desired operating 
temperatures, using average ramp rate of 3 °C/min. 
For the cell to operate, the tin must be molten and reasonably low viscosity. 
Thus, minimum practical operating temperatures should be by around 100 °C above the 
melting point of the tin, which is about 350 °C. Nevertheless, due to the low 
conductivity of the YSZ, the operating temperatures were set up higher to improve the 
performance of the oxygen sensor. In this study, the set of the operating temperature 
range is therefore around 500+800 °C. 
For the reactor temperature measurements, the electrochemical cell arrangement 
is schematically represented in Figure 4.7. The solid electrolyte cell (the oxygen sensor 
in this case) consisted of a Pt+coated YSZ, closed+end tube. The furnace temperature 
was set to reach 800 °C from room temperature and a multi+meter was used to measure 
temperatures as a function of time and to collect all the data and transfer it to a 
computer. 
Several runs of open+circuit voltage (OCV) measurements were conducted 
using the same oxygen sensor each time for a set of temperatures in order to confirm 






Figure 4.7: The actual inside reactor temperature measurement 
For the OCV and current density measurement, the cell arrangements are shown 
in Figures 4.8, 4.9, and 4.10, respectively. The chamber was heated up and held at the 
desired temperature for around 15 min to allow the temperature to become stable. Next, 
the OCV’s were read at each defined temperature for 30 min using a multimeter and 
then the OCV data were transferred to a computer.  
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The power density measurements were carried out using two multimeters and an 
AC+DC decade resistor to measure the voltages and the currents, and to adjust the 
desired resistances, respective. Then, the obtained voltages and currents at various 
temperatures were collected in a computer. 
Experiments were carried out over a temperature range from 300+800 °C for 
OCV and from 500+800 °C for current density measurements, and over a resistance 
range from 1+10k Ohm(s) (the table of the defined resistances is provided in Appendix 

























































Figure 4.11: Experimental set up for CV measurement 
4.5.2.3 Discussion and conclusion from the batch scale O2 reactors 
 The results obtained from the preliminary experimental work demonstrate the 
electrochemical efficiency of the liquid+tin solid oxide system for operation with air as 
the oxidant in battery mode. Power efficiency was found to be low but expected since 
the electrolyte thickness is of the order of 2 mm. Stable OCVs at high temperature (800 
°C), close to the theoretical value confirm high current efficiencies. Insignificant 
activation polarisation losses were observed. This is mainly due to the high 
temperatures employed. The resistance decade used did not allow for concentration 
polarisation to be identified (resistance too high hence no peak power). Unfortunately, 
significant degradation of the Inconel reactor occurred after prolonged operation of the 
electrochemical cell. The internal walls of the cell showed up to 1 mm deep pitting, 
which was entirely unexpected. This result suggests that alternative reactor materials 
need to be found which can survive the high temperature conditions required for the 
cell to operate in a reducing environment. The high+temperature ceramic materials 
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generally employed as molten metal containers such as dense Alumina are considered 
hence being used for scaled+up reactor. 
The constructed reactor was generally very durable and easily machinable. 
Unfortunately, after a few long experiments (approximately 4 runs, 6+18 hours/run), 
severe corrosion of the reactor internal chamber was observed. Due to its high Ni 
content, Inconel600 alloy contains more than 70 wt+% Ni, Ni is considered the main 
cause of the corrosion of the reactor. This can be explained by the Sn+Ni phase diagram 
(Figure 4.12), at the working temperature ranging from 700+800 °C, and tin 
concentrations higher than 50+60 mol+%, liquid tin is able to dissolve a significant 
amount of Ni and form a more stable phase of Ni3Sn4. When used tin was removed 
from the reactor by scraping, the Ni3Sn4 compound was also removed from the reactor 
surface, causing more severe corrosion locally, so+called erosion+corrosion. As the 
chromium protective oxide layer (Cr2O3) is also removed through this mechanical 



































Figure 4.13: Nickel (Ni) solubility in tin (Sn) plotted from data in [122] 
Moreover, as the temperature increases the solubility of Ni in, for example, Sn+
based soldering alloys (Sn 87.5 wt+%) increases as shown in Figure 4.13 [122] thereby 
enhancing the corrosion rate of the reactor body at higher temperatures. Figure 4.13 
exhibits the exponential relationship between temperature and Ni solubility.  
The corrosion+prevention procedure could thus be the removal of used+liquid tin 
through suction in order to avoid physical contact with the internal chamber of the 
reactor. But suction of liquid metal is a time+ and material+ consuming method. 
Therefore, using theoretical pathways would be more logical and reliable. Several 
methods have been suggested in the literature to prevent corrosion of high+Ni content 
superalloys in liquid metals such as in liquid+lead+bismuth eutectic [123], high+Sn 
content soldering alloys [122]; for example: (1) Control of oxygen concentration in the 
liquid metals leads to the formation of a stable oxide layer on the material surface (2) 
Modifying the surface of the material or the material composition. In addition, alloys 
that contain Cr can be locally protected by diffusion of Cr to the surface and forming a 
chromium oxide layer, Cr2O3 
[124]. Hence one of the alternative materials to Inconel600 
is stainless steel SS 316. This is because stainless steel contains a significantly lower 





4.5.3 Stainless steel 316 (SS316) O2+sensor electrochemical reactor 
Consequently, two stainless steel grade 316 (Fe >50 wt+%, Cr 16+18.5 wt+%, Ni 
10+14 wt+%) reactors were built in a manner similar to that of the Inconel600 reactor 
having a cylindrical shape. In addition, by mounting a fitting underneath the reactor this 
would facilitate transfer of used+liquid tin after operation without physically disturbing 
any protective oxide/compound layer at the reactor+liquid tin interface. A schematic 
drawing compared to the picture of 2D and 3D of the SS316 reactor can be seen in 
Figures 4.14 (a+b).  
As expected from the chemical composition of SS316 a protective Cr+oxide 
layer should form at the reactor wall and corrosion would not be expected due to 
considerable lower amount of Ni+content in SS316. The reactor length was reduced by 
1/3 in order to cut the heating time and to simplify control of temperature and to save 












Figure 4.14: (a) Side view of the SS316 O2 sensor electrochemical reactor compared to 
the transparent view of the same model. (b): 3D of the SS316 reactor  
 The dimensions of the reactor body shown in drawing+worksheet from 
SolidWork at front view, side view, and bottom view are exhibited in Figure 4.15. 








































Tin does tend to dissolve a small percentage of Fe (from the SS reactors) to 
form FeSn at lower temperatures after the layer of protective chromium oxide layer is 
reduced or perturbed. This can be explained by Sn+Fe phase diagram in Figure 4.17 that 
Sn can hold only <0.05+2 wt+% Fe at 513+806 °C. This relatively low Fe solubility in 
Sn is actually a good indicator that Fe would not be easily dissolved by molten Sn at 
LTA+ICFC operating temperatures. To evaluate whether Fe was dissolving in the liquid 
Sn, tin slugs obtained from the SS316 reactor were analysed using energy+dispersive X+
ray spectrometry (EDX) (see Figures 4.18 (a+b)). The EDX clearly shows the presence 
























Figure 4.18: (a) EDX spectrum of the tin slug (b) tin slug from SS316 reactor 
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As a result, it can be concluded that stainless steel reactors are also susceptible to 
damage, albeit at a much reduced rate in comparison to the Inconel600 reactors. 
4.5.4 Titanium (Ti) O2+sensor electrochemical reactor 
Another attempt was made by selecting titanium to replace and use as the 
reactor body for the small batch electrochemical reactor with similar design but without 
using fittings underneath to feed the bubbling gas (which were tended to be blocked by 
solid tin). Ti was selected because of it naturally resist tin corrosion due to its 
theoretical stable oxide phase. The fittings were removed from Ti O2+sensor design 
because of the self+welded of the stainless steel fittings. Applying Ti for construction of 
the electrochemical reactor resulted in dramatic weigh reduction. Ti material would 
help increase the temperature threshold due to its very high melting point. But it is 
relatively difficult to bend or re+shape a Ti tube so SS316 tubings were applied as a 
substitute for Ti tubing.  
Sn+O+Ti phase diagrams with a wide range of oxygen concentration from 10+20 
to 10+5 atm were constructed and are shown in Figures 4.19(a+c), respectively. As can 
be seen from the phase diagrams of Sn+O+Ti the oxide of Ti is formed at all oxygen 
concentration in the range being considered. This implies that if there is a sufficient 
amount of oxygen dissolved in the liquid tin, TiO2 would form at the Sn/Ti interface 
and would be expected to prevent the corrosion of the Ti reactor body in the working 
temperature range from 700+800 °C without using high turbulence of bubbling gases.  
Since titanium seems promising as a constructional reactor/component for liquid 
tin, some Ti tubes were used for the large ceramic reactor as gas feeding lines and 
current collectors. The Ti tubes were tested with liquid tin at 700+800 °C with and 
without He gas. Unfortunately, it was found that the Ti tubes were severely corroded by 
molten tin, and more severely when the He gas was used. Therefore, the usage of Ti O2+
sensor reactor was suspended to prevent the damage of the reactor and the whole 
system. Under the circumstances, the attention for liquid tin container and components 
was alternatively paid to ceramic materials and graphite. The completed Ti O2+sensor 
reactor, assembled reactor (from Factsage6.3), and its components are presented in 















Figure 4.19 (a): Sn+O+Ti tertiary phase diagram with oxygen concentration (pO2) of 











Figure 4.19 (b): Sn+O+Ti tertiary phase diagram with pO2 of 10












Figure 4.19 (c): Sn+O+Ti tertiary phase diagram with pO2 of 10

























Figure 4.21: 3D picture and a transparent view of the shorten Ti reactor 
 
4.6 Scaled+up electrochemical Reactor Designs 
The main strategy for the design of the LTA+ICFC in this work focuses on (1) 
simple cell designs that can be easily modified and adjusted, (2) the use of widely and 
readily available components and materials, (3) the choices of light weight 
constructional materials, (4) accomplishing a design for conducting long+run 
experiments to prolong life time of the system, and (5) achieving cell performance 
acceptable for a scaled+up reactor.  
The scaled+up reactor’s design comprises mainly a ceramic liquid metal/tin bath 
with cylindrical shape, one open+end with small radius on edge, and flat bottom. A high 
purity alumina (Al2O3 content >99 wt+%) ceramic with 30 cm height, 80 mm O/D, 66 
mm I/D, purchased from Almath Crucibles LTD., UK has been chosen as the liquid tin 
container to avoid corrosion with liquid tin. The crucibles were made of re+crystallised 
alumina as it has high melting point (can be used up to 1750 °C), and good thermal 
shock resistance. A 3+piece flange was constructed of SS316 to seal the cell. The top+
flange was designed initially to contain 6 feed+throughs for the electrolyte, gas 
inlet/outlet lines and/or a thermocouple probe. The top flange configuration with 
matching fittings, and their arrangement are presented in Figures 4.22 (a) and (b), 
respectively. The top+flange configuration was designed with a convenient circular 
planar geometry.  The circular planar configuration accommodates quick changes in 
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electrolyte dimensions and fuel cell adjustment, and maximises the use of the liquid tin 
anode. For lifting the reactor, an insulated handle was fixed to the sides of the middle 






Figure 4.22: (a) top+flange top view (b) top+flange bottom view (c) reactor handle 
attached to the middle flange for lifting the rector using eye bolts 
One of the problems associated with LTA+ICFC is the potential formation of 
SnO2 films at the electrolyte surface when operating under load conditions. The oxide 
film would reduce the overall performance of the cell. Since the fuel cell performance 
is assumed to be bound by the limiting charge transfer at the YSZ surface, the effect of 
induced turbulence using inert gas purging (dry He) in the anode compartment may be 
a possible solution to minimise the growth of oxide films. Therefore, the liquid+tin 
anode fuel cell contains a gas bubbling system. The first experimental arrangement of 
the scaled+up reactor shown in Figure 4.23 utilised three Ti tubes as gas inlet lines and a 
SS tube as gas outlet line. Three 1/8” Ti tubes were immersed into molten tin to provide 
either inert bubbling or fuel gases. A YSZ electrolyte positioned in the middle of the 
reactor was protected by the Ti tubing adjoined by a SS ring which can be seen in 
Figure 4.23(a). The study of the fuel cell performance was carried out over a range of 
temperatures from 700 to 800 °C. The operational temperature was controlled by the 
furnace temperature controller. The liquid tin temperatures were calibrated using a 
thermocouple enveloped in an alumina closed+end tube, which was in contact with the 
tin and connected to a digital temperature reader. The temperatures displayed at the 
temperature reader were then compared to the temperature monitor at the furnace 











Figure 4.23: (a+b) Photographs of the cell configuration using Ti tubing used as gas 
both inlet lines and current collector on the anode side (c) Silver wool and wire 
wrapping around the air  inlet line for cathode electrical connection 
Figures 4.23 (a+c) show the electrochemical reactor developed for performance 
measurements. The fuel cell assembly consisted of one cathode+coated YSZ electrolyte 
tube, three gas Ti inlets and one 1/4” SS gas outlet. A 1/16” SS tubing was used to 
introduce O2 into the cathode side of the fuel cell and was inserted in the centre of the 
electrolyte tube. Silver wire and silver wool were wrapped around the air line to ensure 
good connection between the cathode coated inside of electrolyte tube and the current 
lead (1/16” SS tubing). Good connection is essential to avoid Ohmic losses and allow 
for proper voltage and current measurements, and to apply a load to the cell. The 
reactor can accommodate a maximum quantity of tin of about 4.52 L. Tin pellets 
(approx.~4kg Sn) were accurately weighed and used as the standard weight for all 
experiments to keep the liquid tin inside the heating zone of the furnace. This 
maintained the same level of liquid tin in contact with the electrolyte. This in turn leads 
to a projected electrolyte /Sn interface area of about 24 cm2. 
Ti tubes provide advantages over ceramic tubes in terms of thermal expansion 
coefficient, better thermal+cycling tolerance, and higher strength. With respect to 
accommodating of the cell’s arrangement Ti tubes can be easier constructed than 
ceramic tube. However, after a few electrochemical measurements were conducted 
corrosion of all Ti tubes was observed. All gas inlet lines were thus changed to alumina 
tubes to prevent corrosion and also help reduce cost. Figure 4.24 shows all the corroded 
















Figure 4.24: Ti corroded tubes 
The phase diagrams of Ti+O+Sn in Figures 4.19(a+c) and Ti+Sn in Figure 4.25 
were used to explain this phenomenon. Despite the fact that when the Sn+Ti system 
contains a certain amount of oxygen TiOx(s) will form to prevent the corrosion of the 
tubes (e.g. pO2 = 10
+20, Figure 4.19 (a)), the low oxygen concentration in the molten tin 
leads to the dissolution of Ti into the liquid tin. The formation of intermetallic 
compounds at the Ti+Sn interface is expressed by Eq. (4.4) 
        xSn(7 + 	yTi( ↔ SnTiT(                                         (4.4) 
where x and y can be 1, 3, 5 and 2, 3, 5, 6 respectively [127]. Since the amount of liquid 
tin contained in the reactor was considerably higher than that used in the batch+scale 
electrochemical reactor, the oxygen concentration to form a titanium+oxide layer was 
not reached. It is therefore concluded that at working temperatures of 700+800 °C, from  
>0.40 mole fraction of Sn (see Ti+Sn phase diagram in Figure 4.25) some intermetallic 
compounds such as Sn3Ti5(s), Sn5Ti6(s), and Sn3Ti2(s) mixed with liquid tin are formed.  
Since the oxygen concentration was below the equilibrium concentration for the 
119 
 

















Figure 4.25: Ti+Sn phase diagram [Prattana] 
Therefore the fuel cell components were re+arranged and all tubes replaced by 
alumina tubes. The alumina tubes were located about 15 cm under the liquid/gas 
interface or about 5 cm away from the bottom of the reactor. The gas fed through the 
tubes was used to circulate thoroughly within the liquid tin. A graphite rod was brought 
into contact with the liquid tin as current collector due to its stability under working 
(reducing) conditions as long as the current density is reasonably low and no significant 
oxidation occurs. The new set up of LTA+ICFC assembled with one cathode+coated 
YSZ electrolyte, one graphite rod, three alumina tubes, and a SS tube on the top+flange 
attached to an insulated handle is shown in Figures 4.26 (a+c). Dimensions of the fuel 
cell reactor with lifting handles, and a three+dimensional view of the reactor are 













Figure 4.26: (a) External reactor reactor’s configuration (b) assembled top+flange 








Figure 4.27: (a) Ceramic reactor and flanges assembly with dimensions (b) 3D view of 
the reactor with insulated handles without electrolyte and gas tubing 
For all experiments, the experimental assembly was placed in an insulated box 
furnace with 4+corner heating elements and a helical heating coil wrapped around the 
reactor chamber for good temperature uniformity. Basically, it is a top loading furnace 
containing a square large cavity for samples or crucibles, and an exhaust port for 
removing fumes. But in order to be suitably applied with the design of the scaled+up 
reactor, the furnace has been proportionately adapted and modified. The reactor 
chamber was made to cylindrical in shape with 300 mm heated length and 100 mm I/D. 
There were additional 50 mm height high+temp porous alumina rings provided for 
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supporting the reactor and for adjusting the reactor inside the heating zone. A swing+
aside lid was removed since the flanges and parts of fuel cell assembly were kept above 
the heating zone. The Elite (Elite Thermal Systems Ltd.) box furnace used for 
experiments which was modified to be suitable with the reactor dimensions and 















Figure 4.29: (a) Furnace top view (b) Furnace bottom view 
While the previous experiments with the large scale LTA+ICFC were carried 
out, the re+crystallised alumina that was claimed to have the best thermal shock due to 
its larger grain size was filled with tin up to heating zone of the furnace, and heated+up 
to 700+800 °C (liquid tin’s temperatures) and cooling down to room temperature with 
the ramp rates of 3 °C/min. This ramping rate is acceptable for ceramic material as 
suggested by the manufacturer. However, the ruptures of the reactor were encountered 
twice while the reactor was heated up in the day after the reactor was cooled+down to 
ambient temperature. The reactor cracking problem was then handles by reducing the 
ramp rate to <2 °C/min and was cooled+down and kept at slightly above the tin melting 
point. Moreover, for safety purpose an outer steel vessel were built with similar 
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configuration as the ceramic reactor but wider and placed inside the furnace chamber 
with a small gap between the reactor’s wall and the vessel.  The steel vessel was used to 
facilitate containment and to protect the furnace electrical elements of the liquid tin in 
case of ceramic reactor cracking  
 
4.7 Materials and Experimental Procedures of the Scaled+up 
Reactor 
4.7.1 Chemicals and instruments 
 One of the objectives of this work on design and operation of LTA+ICFC is to 
clarify the effect of oxygen transport rate (current density effect) on tin+oxide formation 
processes at the YSZ electrolyte/liquid tin bulk interface. Since the goal is to precisely 
measure anode kinetics and possibly achieve maximum performance at operating 
conditions, the testing cells were designed with a tubular geometry. The benefits of a 
tubular configuration have been described previously. The experimental set up (Figures 
4.30+4.32) utilize closed+one+end tubular YSZ electrolyte (10 mol+% Y2O3, McDanel, 
USA) with a 6.35 mm outside and 4.78 mm inside diameter with a 3.05 mm diameter 
graphite rod current collector (Alfa Aesar, UK), and approximately 4 kg of analytical 
grade tin (>99.99 wt+%, Merck Chemicals Ltd.). Both Alumina crucible (fuel cell 
supporter) and alumina tubing were purchased from Almath Crucibles Ltd., UK with 
diameter of 80 mm and ~3 mm outside diameter, respectively. Cathode materials are 
LSM/YSZ and LSM including ink vehicle were purchased from Fuel Cell 
Material.com, USA. The details of cathode preparation and characterization are 
described and discussed in Chapter 5. 
4.7.2 Experiment procedures 
4.7.2.1 Open circuit voltage (OCV)  
In order to measure typical OCV and cell performance, Agilent multi+meters 
were applied to monitor the cell potential and cell current. All the data were recorded 
using the Agilent software. An early set up for OCV measurement at 700+800 °C is 
presented in Figure 4.30. The YSZ tube utilised a composite cathode applied to the 
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inside surface, a gas inlet tube and graphite rods were immersed in the LTA. The 
process steps for electrochemical measurements were conducted as follow: 
1. Three digital mass flow controllers (MFCs) for He, H2, CO2 etc. were 
calibrated using the corresponding gas at the flow rate ranging from 5+200 ml/min 
using bubble flow meter. 
2. Flow rate of He or other inert (bubbling) gases were set at 15+20 ml/min. 
The gas pressure was constantly kept at 4 bars. 
3. After the fuel cell was assembled and closed, the furnace temperature 
controller was programmed to the working temperatures from 700+800 °C. The 
heating/cooling rates were controlled at lower than 3 °C/min due to safety purpose as a 
result of material property.  
4. While the furnace was heating up and had at least reached the melting point 
of tin (231.9 °C) [128], He and Air valves were switched on and kept opened until the 
experiment was done. Air flow rate fed at the cathode was set at 10 ml/min. Two 
alumina tubes were used for inlet gas delivery into the anode chamber. The gas feed 
can be either only inert gas or a mixture of fuel gas such as H2 mixed with dry He. 
5. OCV of the cell was monitored and recorded at the constant temperature 










Figure 4.30: OCV experimental set up [Prattana] 
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4.7.2.2 Cell performance measurements  
After recording the OCV for approximately one hour to acquire data at a stable 
condition, fuel cell performance was analysed using a resistance box (load cell) with 
resistances ranging from 1+105 Ohms to explore the maximum performance at different 
operating conditions which were at 700, 750, and 800 °C using either a bubbling gas 
(normally He) or no bubbling gas. 
The resistances displayed in Table appendix D.1 were used for measuring and 
collecting data at operating temperatures of 700+800 °C. The measurement was started 
with the highest R which was 1.2 x 105 Ohms. The resistance value at the peak power at 
each condition was applied in the next series of experiments to study the current density 
effect on the anodic reaction processes at different operating conditions. The schematic 
diagram of the set+up for evaluation of the performance characteristics of the cell is 













Figure 4.31: Schematically diagram for measurement of power characteristics [Prattana] 
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4.7.2.3 Current density effect on cell potential 
1. For current density effect experiments, steps 3 to 5 in 4.7.2.1 (described 
above) were repeated before polarization measurement (i+V curve) was carried out. 
2. Then the cell was connected to a Metrohm +Autolab PGSTAT302N+ 
Frequency+Response Analyzer (FRA) for impedance spectroscopy measurement using 
NOVA1.7 software to record the data.  
3. Next step, a constant resistance was set at the resistance box and then 
connected to the cell at both electrodes. The data were monitored and recorded through 
the Agilent meters with USB connectors to a computer. Each experiment was 
conducted for longer than 12 hours.  
4. Once measurement time was reached, the cell was disconnected from the 
resistance box and then instantly measured impedance of the cell. The impedance 
spectra were measured and recorded every 10+30 min until the cell’s voltage stepped 
back to the OCV or considerably close. The experimental set up for impedance 
spectroscopy is illustrated in Figure 4.32. 
5. i+V or polarization measurement was carried out afterwards. The data were 
recorded as the cell’s performance after long operation. The i+V measurement applied 











Figure 4.32: Schematically diagram of experimental set up for impedance spectroscopy  
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6. After each set of experiment was completed, the furnace controller was re+
programmed to cool down at <2 °C/min to ~300 °C to remain above the tin’s melting 
point (and avoid cracking of the ceramic crucible).  
7. All the gas valves were switched off and the fittings were removed. After 
that the top flange as well as the fuel cell was isolated from the molten+tin bath.  
The experimental conditions were divided into two main sets: with and without 
bubbling gas for the fuel cell’s analytical purposes.  
 
4.8 Conclusion  
The novel generation of LTA+ICFC reactors must be economically competitive, 
reliably safe, theoretically durable to molten tin at high temperatures, and probably 
light weight (for small scale applications). Employing liquid metal anode for a fuel cell 
provides a number of advantages over other types of fuel cells. 
Material corrosion is one of the main issues studies a lot recently in the 
development of the liquid metal technology. One of the key limitations of design and 
application of liquid metal in fuel cells is the ability of available structural materials to 
resist corrosion. Ceramic has a very good corrosion resistance to liquid metals, it is 
however, difficult to machine because of the limitation of low cost cutting tools, and 
very costly. The limitation of shaping/modifying of the ceramic materials results in 
restricted options of reactor’s configuration. Hence more attention to use metals as the 
liquid containers has been paid. After several experiments with liquid tin of some metal 
constructional materials were conducted, for small batch reactors, constructional 
materials’ oxidation/corrosion was observed. For the Ti used as gas inlets was found 
dissolved in the liquid tin because of no protective oxide layer formed. The 
thermodynamics data such as phase diagrams have been used to explain these 
phenomena including the information of protective oxide layer, and to discuss how to 
tackle the problems.  
This Chapter provides information for the selection of structural materials for LTA+
ICFC when selecting metals as a liquid tin anode container, using data from 
experimental results and Thermodynamics data of the system. 
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Difficulties of the reactor’s design and construction, and operating problems of 
the LTA+ICFC are given below: 
♠ Button cell or pellet cell reactors were often found to face sealing/leakage 
problems due to several components.  
♠ In particular, for those two metal alloys (Inconel600 and SS316) , and a 
homogeneous Ti material, in order to be able to improve the possibility for being LTA 
container, the strategy for each material is given as: 
o Inconel: Inconel600 is a nickel+based superalloy. Advantages of Inconel600 
include very high melting point, good corrosion resistance for static system, 
high strength, and easily machinable. Disadvantages are that it is impractical for 
turbulence system due to the damage of the protective oxide layer, and 
reasonably high cost. 
o SS316: The formation of chrome and/or iron+chrome oxides observed from 
the EDX results of the tin slug obtained from SS316 reactor shows the tendency 
of the protective oxide layer to protect the reactor from attack. However, 
running experiment at high temperatures longer than 12 hours resulted in the 
leaching of the protective oxide layer from the reactor’s wall. Although the 
CrOx film was damaged from the reactor surface, the reactor did not seem to 
extensively suffer from the dissolution of the main composition of SS316, 
which is Fe. This is because the solubility of Fe in Sn is very low [129]. In the 
case of SS316 reactor, it can be concluded that the protective oxide film was 
destroyed from the induced turbulence of the system from feeding gas. 
Therefore, it might be possible to use SS316 material as a liquid tin container 
with a stagnant operation. 
o Ti: Even titanium is naturally resist tin corrosion because of its stable TiO2, 
the magnitude of system’s turbulence and actual oxygen concentration in the 
molten tin must be considered. As temperature increases, the amount of Ti that 
can be dissolved into Sn increases at faster rate than does Fe (in SS316) (see 
phase diagrams). Consequently, application of titanium at high temperature in 
the system containing reasonably very low oxygen concentration is not 
recommended. Moreover, even the oxygen concentration in molten reaches the 




In addition, corrosion, erosion, safety problems are much more severe with 
liquid+metal system, especially LTA+ICFC, because it operates at high temperatures 
and long exposure time. The apparent severity of damages are of the following order Ti 
> SS316 > Inconel600 (locally corroded). The main form of Inconel600 is the local 
erosion while of the SS316 and Ti are leaching of Cr+O protective film due to gas 
turbulence and the dissolution of material owing to the limitation of pO2 in the molten 
tin, respectively. 
When a ceramic material is used as liquid metal container (or any other parts) 
instead of a metal container although it reduces corrosion problems, a significant 
attention has to be paid when operating. Since the thermal expansion coefficients 
between ceramic and metal are different. Heating+up and/or cooling down the system 
too quickly would cause a severe rupture of the cell as did the large scale ceramic 
reactor. Both the heating rate and cooing rate of ceramic is thereby being strictly kept 
below 3 °C/min. Nevertheless, the safety issue of the ceramic reactor break+down can 
be overcome by controlling the temperature profiles and also by implementing an outer 
SS vessel to facilitate containment of liquid tin  in case of the ceramic reactor cracking. 
As the corrosion of liquid metal container/components is a severe problem, 
several methods to prevent such problem have been considered.  Since the oxygen 
concentration of dissolved oxygen or oxygen activity in the liquid tin is a significant 
parameter on which the corrosion or protection of the structural materials depends, the 
oxygen concentration in the liquid tin has to be controlled. A certain amount of 
dissolved oxygen will facilitate the formation of protective oxide films on the surface of 
metal container/components. There are two possible patterns relating to the 
corrosion/dissolution of the material in liquid tin.  
 Firstly, for oxygen concentrations below the equilibrium concentration for 
the formation of protective layers, metal container/components will suffer corrosion. 
 Secondly, at a certain level of oxygen concentration of dissolved oxygen 
corrosion process is suspended or taken slower due to protective oxide film formed on 
the surface of the metal components. For example; for Cr to form Cr2O3, mole fraction 
of oxygen has to be at least 0.6: for Fe to form Fe3O4 and Fe2O3 mole fraction of 
oxygen has to be at least 0.5 and 0..58, respectively in the solution, for Ti mol+% O has 
 to be >30% to form Ti3O





















2, >40% to form TiO, > 60% to form Ti3O5, and >70% to form 
+800 °C from FactSage and [130].
 




The Ellingham diagram (Figure 4.33) plots the standard Gibb’s free energy of 
chemical reactions when oxides of elements are formed as a function of temperature. 
By using the diagram, standard free energies of formation of oxides can be found at 0+
2200 °C. Also, the equilibrium composition of the system, the oxygen partial pressure, 
which is particularly important for LTA+ICFC system, can be obtained through reading 
the diagram.  
In addition, the negative absolute value of the Gibb’s free energy of the 
formation of metal oxides are smaller as the temperature increases, which can be 
implied that the oxides are unstable and easy to reduce at higher temperatures. 
Furthermore, the metals that appear higher up on the diagram are more stable because 
the standard Gibb’s free energy is lower (less negative) than those metals that appear 
lower down (but some lines can cross the others at some temperatures). Hence, the 
reaction that the free energy is greater (more negative) relative to the other reactions, 
the composition is then further weighted toward the products (oxides) of the reaction. 
Therefore, the equilibrium concentrations of oxygen for the formation of 
protective layers of the metal container and/or components that were employed (700+
800 °C) are:  
a) pO2 of 10
+18+10+15 atm for NiO formation,  
b) pO2 of 10
+21+10+18 atm for SnO2 formation,  
c) pO2 of 10
+22+10+19 atm for Fe3O4 formation,  
d) pO2 of 10
+32+10+28 atm for Cr2O3 formation, and  
e) pO2 of 10
+37+10+34 atm for TiO2 formation 
f) And the degree of stability of various oxides formed in the LTA+ICFC system in 
the metal reactors can be relatively compared by the Ellingham diagram as 
TiO2>Cr2O3>Fe3O4>SnO2>NiO. Accordingly the protective oxide layers of different 
materials, apart from Ni, suppose to form before the oxidation of liquid tin. 
g) Utilising the phase diagrams of Sn+O+Ti (Figures 4.19 (a+c)) and the Ellingham 
diagram (Figure 4.33), it can be seen that there should be the formation of TiO2(s) at 
LTA+ICFC operating temperatures that could protect the Ti tubes from being perturbed 
by molten tin.  And the appearance of TiO2(s) film at the corroded Ti tube walls showed 
that the pO2 in the liquid tin reactor was at least ~10
+37 atm. However the Ti tubes 
dissolved into the liquid tin because the interface between Ti tubes and liquid tin 
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covering the Ti tubes is Sn+rich region containing the compositions of Sn/(Ti+Sn) 
higher than 0.4 mol/mol (see Figure 4.25) and the pO2 was assumed to be <10
+37 atm.  
h) Since controlling of oxygen concentration in the liquid tin is more difficult than 
the other methods to prevent corrosion of the metal immersed in the liquid tin. On one 
hand, keeping oxygen transferred rate lower than the solubility limit of O2 in tin to 
avoid SnO2 formation at the YSZ electrolyte interface might lead to the corrosion of 
metal container/components. On the other hand, too high dissolved oxygen would also 
cause the formation of SnO2(s) in the bulk and hence lower efficiency. To avoid such 
problems, coated metals can be interesting contenders in addition to high+temperature 
ceramics as the structural material with respect to its tensile strength, thermal 
expansion, machinability etc. If necessary, pure metals such as chromium, 
molybdenum, tungsten might be useful as they are the most resistant to liquid tin [131]. 
However, if the system does not require substantially fast start+up time such as for 
portable devices and stationary applications, ceramic materials can still be employed 
with lower cost of production in comparison to processed metals or especially metal 
alloys. 
As experienced from several metal electrochemical reactor designs above, 
choices of reactor materials have to be carefully selected to avoid corrosion problems 
with the liquid metal anode. For LTA+ICFC, the following properties of a proposed 
liquid anode container that should be considered are listed below: 
 Melting point: the melting point of the reactor should be relatively higher 
than that of tin and LTA+ICFC operating temperatures. 
 Solubility: the materials which are to be used as a container or reactor 
components for liquid tin should, ideally, be one which does not form compounds, 
liquid solutions or solution between the melting point of liquid tin and LTA+ICFC 
working temperatures. The solubility of the material should be substantially low in 
molten tin. 
 Phase diagram: the formation of protective oxide layer, or intermetallic 
compounds between the container material and the liquid tin as well as their solubilities 
can be determined from the phase diagram.  
 Strength at high temperature: the liquid tin container must be capable of 
withstanding the stress and strain placed on it due to liquid tin and other components’ 
weights including the expansion and contraction over the operating range of 
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temperatures. This is a particular issue for a large scale ceramic container containing 
large quantity of tin. 
 Porosity: low porosity material is needed, preferably zero, to insure against 
gas leak+in/losses. This would be very necessary in the case of He fuel or other easily+
oxidised fuels are applied. 
 Fabricating and welding characteristics: some materials, such as high+
density alumina and graphite provide excellent corrosion resistance to liquid tin, but it 
is fairly difficult to modified or fabricated.  
 Oxidation resistance; the container materials should ideally have a 
resistance to high+temperature oxidation like Inconel and stainless steel if they have 
extreme low solubility in the liquid tin. Unfortunately for liquid tin system, the 
dissolution rate of Ni (in Inconel600) is significantly high at high temperature. Even the 
main composition in SS316, Fe, has low solubility level in liquid tin the thin layer of 
CrxOy still form and can be scraped out of the surface when the system is not stagnant. 
Hence in some cases, an oxidation product of container material can be an appreciable 
effect upon the rate of attack/corrosion. 
 Availability and purity: High purity metals should be selected to avoid 
unknown corrosion problems. The cost and availability of the container materials may 










Chapter 5:  




Although solid oxide fuel cells are devices that potentially give much higher 
conversion efficiencies than conventional energy systems, they still have barriers in 
terms of cost and durability in competing with conventional systems due to their high 
operating temperatures. One important aspect of solid oxide fuel cell performance 
enhancement is the improvement and extension, through composition and 
microstructure optimization, of the triple+phase+boundaries (TPB) at the anode and 
cathode electrodes. In the case of a liquid metal anode fuel cell, the anode and 
electrolyte only form a two phase boundary (as the released oxygen is immediately 
dissolved in the liquid metal). However, the cathode of such a fuel cell requires the 
design of a functional TBP. Here the ionic and electronic conductivities as well as the 
catalytic properties for oxygen reduction in the cathode can be enhanced through 
rational design of materials composition [133].  
There are several benefits from reducing the operating temperatures of SOFCs. 
Lowering operating temperatures can suppress degradation of components and extend 
the range of acceptable material selectivity by improving cell durability and reducing 
the system cost as well as assisting the feasibility of fuel cell construction. Nonetheless, 
lower working temperatures decrease the electrode kinetics and results in large 
interfacial polarization resistances. This is a known issue for high temperature fuel 
cells. In order to address this problem, the polarization resistances for the oxygen 
reduction reaction at the cathode could be decreased by creating a favourable electronic 
and ionic conductivity and a high catalytic activity for oxygen reduction [133]. 
La1+xSrxMnO3 perovskite (LSM) is considered to be one of the most promising 
cathode materials for use in the production of SOFCs as a consequence of its high 
chemical and thermal stability, relatively good compatibility with YSZ and its low over 
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potential [95]. A vast number of researchers have reported that the performance of 
cathodes is closely related to the length of the TPB, and also found that the best 
thickness of a LSM+YSZ composite cathode is approximately 20+25 µm [86, 95, 134] when 
using average particle size of 0.38 pm [134]. It is widely accepted that the use of LSM 
based cathodes not only depends on their chemical, structural, and thermodynamic 
characteristics but also on their final microstructure, grain size, pore size, grain size 
distribution as well as porosity [85, 97]. There are a number of preparation techniques of 
LSM, including wet chemical processes such as the citrate+gel process [135+136], sol+gel 
process [136], combustion syntheses [135, 137], and the co+precipitation [136] technique that 
provide more homogeneous composition and surface structure. For fuel cells, the ideal 
characteristics of an LSM powder are that it has small average particle size, large 
surface area as well as the catalytic activity. Different techniques of synthesis provide 
the different surface structure of LSM powder. For example, the most suited method to 
produce LSM power was proved to be co+precipitation technique because this method 
produces higher catalytic activity, when compared with other commonly used synthesis 
routes [136];  citrate+ and sol+gel process produce LSM structures that are least suitable 
for fuel cells in terms of catalytic activities; glycine+nitrate combustion synthesis [137] 
can quickly produce LSM with high surface area (23 m2/g), compositionally 
homogenous with low levels of residual carbon but still contain lower catalytic activity. 
Considering solid+state synthesis, this is a fairly simple method but LSM powder 
prepared by this method has homogeneous microstructure but showed lower surface 
area and larger particle size than the samples prepared by wet chemical methods [135]. 
However, the samples prepared by combustion synthesis, citrate+gel process, and even 
solid state synthesis presented similar values of electrical conductivity, measure by 
two+probe technique at 600 (0.7+2.0 S.cm+1) and 1000 °C (4.5+6.8 S.cm+1) [135].  
LSM has been widely studied and used with YSZ as a cathode material for 
SOFCs because of its high electrical conductivity, a high catalytic activity for oxygen 
reduction and chemical and thermal compatibility with YSZ electrolyte at the operating 
temperatures of SOFCs [86, 89]. It is not used alone because the performance of 
conventional cathode LSM is not satisfactory below 800 °C. When mixed with YSZ, 
the mixed cathode exhibits high oxygen ion conductivity which enlarges the available 
area for oxygen reduction [138]. The primary sintering temperature was 1100 °C which is 
the optimized temperature for LSM+YSZ/YSZ [138] due to stability/reactivity of LSM. 
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Furthermore, the ionic conductivity of YSZ within the composite LSM+YSZ electrode 
could be considered as having a key role at sintering temperatures below 1500 °C 
because there is a remarkable difference in the ionic conductivity of YSZ sintered 
between 1100 and 1500 °C [94].  
A study on the effect of sintering temperature on microstructure and 
performance of LSM+YSZ composite cathodes [96] found that the microstructure of the 
composite cathodes were less dense and contained smaller grains as the sintering 
temperature was decreased in from 1300 to 1150 °C, which may have decreased the 
polarization resistance. The results show that both series resistance and polarization 
resistance can be decreased at lower sintering temperature. In the same research work, 
when measuring the polarization resistance at a reference temperature of 850 °C, it was 
found that the lowest polarization resistance was obtained for sintering temperatures of 
950+1000 °C. When increasing the sintering temperature further to 1050 °C, the series 
resistance was found to decrease continuously with a small increase of the polarization 
resistance which made the total resistance equal for 1000 and 1050 °C. Partial 
detachment of the composite layer was also observed for the sample sintered at 1150 °C 
[96]. Sasaki et. al. also observed that the series resistance decreases when the sintering 
temperature was increased from 1050 to 1100 °C [134]. 
It is widely suggested [95] that the performance of cathodes can be enhanced by 
adding YSZ into the cathode composition or replacing pure LSM electrodes with an 
LSM+YSZ composite electrode as this provides better adhesion of the cathode 
composite to the base YSZ electrolyte and increases the area of the TPB that 
contributes to the electrode reaction. It is also suggested that the rate determining step 
at the LSM electrode is not only the dissociative adsorption of oxygen but that the 
transfer of oxygen at low overpotential is of comparable rate. Adding YSZ into the 
cathode reduces the cathodic polarization resistance as the TPB area is enlarged and 
both oxygen reduction reactions are accelerated [92] but there will be the resistance 
caused by YSZ grain boundaries in the cathode, which can be seen in an impedance 
spectrum at higher frequency arc. 
Additionally, adding YSZ into LSM improves morphological stability during 
operation as the open porosity will not diminish or creep, and improves performance at 
intermediate temperatures of 600+800 °C due to the enlargement of the adsorption and 
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reduction of molecular oxygen sites or the extension of the TPB region within the 
cathode by providing a path for ion migration [86, 92]. Although the addition of 40+60 
vol+% YSZ increases the electronic resistivity of the cathodes by a factor of 10, the 
conductivity was expected to be still high enough for efficient current collection [86]. 
The alterations of ohmic and polarization resistances are the results of the 
addition of YSZ to an LSM cathode [95]. As can be seen in Figure 2.26 (see Chapter 2) 
at a YSZ content of 50 wt+% both polarization and ohmic resistance are comparatively 
low. Numerous research groups have studied LSM and two+phase LSM+YSZ cathodes 
at ≥800 °C [93]. At 50 wt+% either minimum interfacial resistance or a relatively low 
polarization including ohmic resistance was obtained [85, 89, 91, 93, 95]. Therefore, in this 
study, the 50 wt+% LSM+YSZ composite was used as the precursor for the cathode.  
 In previous studies, various processing and microstructural parameters such as 
the LSM/YSZ cathode and LSM current collector slurry formulations, the sintering 
temperature of individual cathode layers and overall production techniques to apply the 
Cathode Functional Layer (CFL) and Cathode Current Collector Layer (CCCL) etc. 
were varied. However, in this study the correlation between cathode formulation, 
cathode fabrication methods, sintering temperatures, and microstructure and 
performance of LSM and YSZ composites with an added current collector (LSM) layer 
has been studied. The experiments are divided into four parts; (1) coating the composite 
electrode onto YSZ substrates with different cathode slurry concentrations: (2) coating 
the composite cathode using different coating methods: (3) coating the composite 
cathodes with various number of coating layers of both LSM+YSZ composite and LSM 
current collector layers: and (4) sintering the composite cathodes at various 
temperatures for both concurrent and separated sintering methods.  
Direct current (DC) four+point probe measurements were applied on the coated 
and sintered composite cathode and current collector layers. In order to characterize the 
electronic performance of the cathodes, area specific resistance (ASR) obtained from 
the data of DC four+point probe measurement at temperature from 700 to 900 °C were 
used. 
  Area+normalized resistance or area+specific resistance (ASR), carries units of 
Ω.cm2. By using ASR, ohmic losses (ηohmic) can be calculated from current density as  
                                          ηohmic = j.(ASRohmic)                                                 (5.1) 
 where ASRohmic is ASR of the fuel cell. ASR allows fuel cells of different sizes to be 
compared and it is calculated by multiplying a fuel cell’s ohmic resistance (R
its area (Afuel cell):  
                                             
In addition, the Aohmic of cathode coated YSZ hollow fibers is calculated by using the 
mathematical formulation of surface area of a hollow cylinder (see Figure 5.2):
                                                    
where R is the OD of YSZ hollow fiber plus the thickness of cathode coated onto the 
fiber, and L is the length between the connection 
formulation is applied for calculating the ASR of all cathode




Figure 5.1: Hollow fiber geometry containing R: outside radius, r: inside radius, and h: 
 5.2 Main Objectives for Cathode Fabrications and 
Characterizations 
The aim of this work is to study the preparation method of widely
temperature composite cathodes on their homogeneity, micro
and electrical properties for application of intermediate SOFCs. A strategic approach of 
finding desirable paste formulations, sintering temperatures/conditions, and number 
coatings of LSM+YSZ and LSM composite applied onto the closed one
electrolyte for LTA+ICFC has been used. The electronic conductivity measurement of 
the cathodes has been carried out in the temperature range of LTA
conditions which lie between 700 and 800 °C.
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Afuel cell = 2πRL                                                        (5.3)
lead wires. This mathematical 
+coated YSZ hollow fibers 
















Developing alternative cathodes for SOFCs has been attempted by many teams 
by: identifying alternative/additional cathode materials [133, 139], improving cathode 
morphology and microstructure by adjusting sintering conditions as well as differing 
fabrication methods [86, 94, 140+142]. These approaches were investigated in order to obtain 
higher specific performance and durability and to prevent excessive cost of materials 
and fabrication processes.  In this chapter, the cathode materials suitable for SOFCs, 
LSM+YSZ composite cathode and LSM current collector, were prepared and 
characterized. Not only the electrical properties but also the homogeneity of the 
sintered samples are compared and discussed. A composite cathode formulation of both 
LSM+YSZ and LSM are also applied on the YSZ electrolyte for LTA+ICFC. 
 
5.3 Materials and Experimental Procedures 
5.3.1 Materials 
1) LSM+YSZ Composite Cathode Ink (LSMYSZ+I) with Surface area 5+9 m2/g, 
purchased from Fuel Cell Material.com, USA.  
The paste is a mixture of mixed cathode and electrolyte materials (50% by 
weight (La0.8 Sr0.2)0.95MnO3+x ((d50): 0.7 to 1.1 µm) mixed with 50% by weight 
(Y2O3)0.08(ZrO2)0.92) (0.5 to 0.7 pm) to create a large amount of TPB catalytic region 
where oxygen is converted to the oxide ions. This paste is readily mixed into an ink 
using an alcoholic solvent (α+Terpineol), commercially called Ink Vehicle (VEH), to 
make a well+mixed paste for coating onto electrolyte substrates. LSM/YSZ is normally 
used with zirconia+based electrolytes due to their compatible thermal expansion 
coefficients.  
2) Lanthanum Strontium Manganite (20%) Cathode paste (La0.80 Sr0.20 MnO3+x), 
purchased from Fuel Cell Material.com, USA. The LSM used contains 4+8 m2/g of 
surface area, particle size (d50) of 0.3 to 0.6 µm, and thermal expansion of 10+11 
ppm/ºC. 
3) Ink vehicles (Alcohol compound): α+Terpineol: C10H18O and 
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4) Silver wire from Alfa Aesar, UK with 0.25 mm (0.01 in) dia, annealed, 
99.9% (metals basis), CAS # 7440+22+4 
Four series of the cathode+coated YSZ cells were produced with LSM+YSZ0.7 
composite cathode and/or LSM0.3 current collector and characterized by sintering 
temperature, and cathode thickness. The sintering temperature of the CFL and CCL 
layer was varied between 1000 and 1150 °C with 50 °C interval. Each layer was dried 
at room temperature in air before sintering. The sintered samples were about 1.9 mm in 
radius and 50 mm in length. The cell was placed in an open+ended alumina supporting 
tube inserted in a tubular furnace. The temperature range of measurements was between 
700 and 800 °C. A thermocouple was placed close to the cell inside the supporting 
alumina tube to monitor and control the temperature. Silver wires were used as the 
external circuit wires to connect the cell to the electrochemical instruments. Silver paint 
was also coated onto the wires to improve contact between the cathodes and the 
external circuit wires to reduce interfacial losses that were neglected in the 
measurements. The electrode thickness was measured over the cross section of the 
whole section after electrical conductivity measurements. Consequently, the average 
thickness of each cathode was used to calculate the area specific resistance for 
comparison. LSM+YSZ and LSM coated fibers were sintered at 1000+1150 °C for 3 h 
with a heating rate of 3 °C/min. 
5.3.2 Cathode Preparations 
Nitric acid (HNO3), ACS reagent grade 70 vol+% (Sigma Aldrich) was diluted 
to 1 M using de+ionized water and then used for cleaning YSZ substrates prior to 
coating of the cathode composite. The concentrated solution of HNO3 was used to clean 
the YSZ substrate for around 10 min to ensure that all the trace elements or 
contaminant particles have been removed. 
 Cathode composite and cathode current collector preparation procedures can be 
described as follows: 
To prepare LSM/YSZ (CFL layer) composite and LSM (CCL layer) paste: 
• LSM/YSZ 50/50% by weight are weighed and recorded 
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• Ink vehicle was added into the beaker to reduce cathode composite viscosity to 
obtain the desired paste formulations 
• A spatula was used to stir the mixture thoroughly  
• The ink vehicle used for mixing was then recorded 
To prepare CCL layer composite: 
• Repeated the same procedures applied for the CFL composite but for the CCL 
layer 
• The ink vehicle used for mixing was then recorded 
A number of cathode composite paste formulations have been prepared using the 
materials and the general procedure outlined in Chapter 5. A list of the prepared 
formulations is given in Table 5.1. 
5.3.3 Cathode fabrication methods 
 To determine the microstructure and thicknesses of cathodes with different 
cathode fabrication methods, YSZ hollow fibers, acquired from Materials Laboratory, 
Department of Chemical Engineering, Imperial College London, UK with outside 
diameter of 1.9 mm were used as substrates. The YSZ hollow fiber precursors were 
heated in a tubular furnace (Elite, Model TSH 17/75/450) at 600 °C for 2 h to remove 
the organic polymer binder and then sintered at 1450 °C for 4 h in air [143]. Sintered and 
cleansed dense YSZ substrates were cut to a length of approximately 6 cm and kept in 
dry containers before coating. 
 Different samples coated by LSM/YSZ and LSM current collectors with 
different percentage of ink vehicle (α+Terpineol), and their corresponding thicknesses 







Table 5.1: LSM+YSZ composite (one layer) and LSM current collector (one layer) 
used for coating onto YSZ hollow fiber substrates 
Sample %Ink Vehicle added Average thickness [pm] 
LSM 10 78.0 
LSM 20 47.0 
LSM 30 25.0 
LSM/YSZ 30 20.5 
LSM/YSZ 40 19.0 
LSM/YSZ 70 15.5 
LSM/YSZ 85 6.0 
LSM/YSZ 100 2.2 
Prepared LSM+YSZ composite or LSM paste were diluted using an alcohol 
solvent, namely α+Terpineol, to obtain a paste easily applicable to the YSZ hollow 
fibers by different coating methods i.e. dip+coating, suction, and brush+painting. Three 
different sets of data were acquired in order to determine different correlations between 
LSM+YSZ composite or LSM paste formulation and thicknesses. By changing the 
amount of α+Terpineol, a range of cathode paste formulation were obtained and applied 
to investigate the resulting coating thickness. Table 5.1 summarizes the ratio of 
Cathode Functional Layer (CFL) and Cathode Current Collector Layer (CCL) paste to 
ink vehicle and the resulting cathode thickness from these formulations. The different 
coating methods mentioned above were applied with the same chosen paste formulation 
in order to investigate the influence of the coating method on the variation of cathode 
thickness. The three LSM+YSZ composite and/or LSM paste coating procedures are 
explained as follows: 
1. Dip+coating: Sintered, cleaned, and dried YSZ hollow fibers were used as 
substrates. After CFL and CCL were prepared, a YSZ hollow fiber was dipped into the 
slurry thoroughly and was then pinned onto a sponge plate to drain excess slurry. The 
sample was dried in air for 24 h and the coating procedure was repeated to form the 
next layer if required.  
2. Suction: A syringe was used to draw up cathode paste and then filled up the 
cleaned and dried open+ended YSZ tubes. A parafilm layer was used to seal both end of 
the YSZ tube substrates and the tube was kept closed for about 6 h to allow the cathode 
paste to completely cover up and adsorbed onto the YSZ internal surface (having 
considered the length of the YSZ substrates). After reaching 6 h, the cathode composite 
was drained out of one side of the YSZ tube and left in air until the paste had dried. 
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This method was applied to coat inside the YSZ tubes in order to simulate the condition 
of the actual tubular close+ended YSZ electrolyte for the LTA+ICFC, in which the 
cathodes have to be internally coated and drained out of the opened+end of the tube. For 
LSM paste, the procedure for coating is similar to that applied with the LSM/YSZ 
composite paste. 
3. Brush+painting: Sintered, cleaned, and dried YSZ hollow fibers were used 
as substrates. A painting brush was soaked with the CFL and then applied to the YSZ 
substrate for one layer. The coated sample was then pinned onto a sponge plate for 
drying for ~24 h or less. For brush+painting method, the as+prepared coated samples 
contained the thinnest cathodes in comparison to the samples prepared by other 
methods used in this work, which can be observed from the paste residual on the 
sponge plate. To coat one layer of the cathode paste, the painting had to be repeated a 
few times to allow a complete cover of the YSZ fibers by the cathode paste. The brush+
painting also seemed to give very smooth surface of the coated samples. 
All coated samples were air+dried and then sintered from room temperature to 
elevated temperatures with a heating rate of 3 °C/min (the maximum heating rate that 
ceramic can tolerate) and a holding time of 3 h for each layer. This holding time was 
used as it was suggested in literature as the optimum length of time for sintering LSM+
YSZ and/or LSM cathodes (see more details of sintering conditions in background 
section, Chapter 2). Then the sintered samples were cooled to room temperature at the 
same rate before any measurements were carried out.  
Although dip+coating method is a simple method that facilitates the fabrication 
of cathodes onto YSZ substrates, the microstructure, homogeneity and electrochemical 
performance of the cathode are difficult to control and may not be assumed to be 
similar with other methods in the literature. The cathode pastes that provided the 
appropriate thickness and homogeneity without de+lamination were then selected for 
application as a standard cathode composition for the next series of cathode 
characterization. This particularly means that the first criterion for selecting a good 
cathode sample was de+lamination of the cathode. The samples without the presence of 
de+lamination effect or slightly show the effects were chosen as the best samples. Next, 
coating methods and number of coatings (layers) of the cathode were varied in order to 
compare the ASR of the electrodes with different thickness using standard four point 
probe measurement. Cathode microstructure was investigated using a Scanning 
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Electron Microscope (SEM). Furthermore, to investigate the effect of sintering 
temperature on microstructure of the cathode, especially the apparent porosity and 
homogeneity, the sintering temperatures were varied from 1000+1150 °C. 
 
5.4 Preparation of LSM+YSZ and LSM cathodes using 
various paste formulations 
5.4.1 Experimental rationale and procedures 
This series of experiments was done to investigate the correlation between LSM+
YSZ cathode composite and LSM current collector paste formulation and thickness of 
the cathodes. The initially desirable thicknesses of LSM+YSZ cathode composite or 
cathode functional layer (CFL) and LSM or cathode current collector layer (CCL) are 
20 pm and 45+50 pm, respectively. A further increase of thickness of CCL does not 
have any beneficial effect on the area specific resistance [141] and hence no increase of 
the current density. Jorgensen et. al. [96] have suggested that the thickness variations of 
the CFL and CCL which are between 4+13 and 15+85 pm respectively, does not seem to 
affect the trends observed for polarization resistance with respect to sintering 
temperature. According to the literature regarding the effect of sintering temperature, 
reviewed in Chapter 2, the initial sintering conditions for sintered LSM+YSZ composite 
cathode and LSM current collector would be 1100 °C for 3 h in order to obtain the CFL 
and CCL thicknesses as mentioned above. LSM+YSZ and LSM coated fibers were 
initially sintered at 1100 °C for 3 h with a heating rate of 3 °C/min for LSM+YSZ/YSZ 
to optimize the micro+structural features of cathode materials such as particle size, 
porosity etc., which play an important role on the electrochemical properties of the 
cathodes, as reported in [94, 138+139]. After sintering, all the samples with different 
cathode and current collector formulation were cut into very small parallel pieces using 







5.4.2 The effect of cathode paste formulations on the cathode thickness 
 The average thicknesses obtained from the dip+coated cathodes with different 
number of coatings are presented in Table 5.1 with the percentage of Ink Vehicle added 
into the cathode pastes.  
5.4.3 SEM micrographs of the dip+coated cathodes 
Figures 5.2(A+C) + 5.3(a+e) representing the micrographs of cathode coated 












Figure 5.2: SEM micrograph of LSM with ink vehicle added of (A) 10 wt+%, (B) 20 
wt+%, and (C) 30 wt+% coated on YSZ hollow fiber for one layer by dip+coating 
technique 
The results obtained from SEM showing that homogeneous electrodes with 
lower deviation from mean thickness around ±1 pm were acquired for thinner slurry 
electrodes (higher α+Terpineol added) and deviation about ±3+4 pm for thicker ones 
(less α+Terpineol added) for the samples obtained from all the techniques used. 
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It can be seen from the SEM micrographs of sections of both LSM+YSZ and LSM 
cathode that uniform thickness of both CFL and CCL, as well as good contact between 
phases were achieved in most samples. Cathode thicknesses, displayed in pm, are 
plotted as a function of amount of ink vehicle added (percentage of the alcohol solvent 
to the cathode paste) in Figure 5.4. In the preliminary results obtained show that 
diluting the cathode with α+Terpineol resulted in smoother surfaces and better 
homogeneity of sintered cathodes. The more α+Terpineol was used, the less the 
















Figure 5.3: SEM micrograph of LSM+YSZ with ink vehicle added of (a) 30 wt+%, (b) 
40 wt+%, (c) 70 wt+%, (d) 80 wt+%, and (e) 90 wt+% coated on YSZ hollow fiber, for 
one layer by dip+coating technique 
 Even though adding 
extremely large amount of the solvent provided the sintered cathode with dis
continuous surfaces and inadequate thickness 
excessively thin. On the other hand, using 
the coating time since it allowed single coating of the cathode. Using higher viscosity 
cathode can however cause de
drying time before the cathodes can be sin










Figure 5.4: Relationship between cathode thickness and the percentage of alcohol 
solvent added of samp
Reports of optimized systems in the literature suggest that the thickness of the 
cathode that provides the lowest polarization resistances and best two phase percolation 
are in the range of 20+
50/50 [86, 94, 143] (more details see Chapter 2). Therefore in this series the basis sample 
formulations chosen were LSM
homogeneous surface and the 
formulations provide the paste with reasonably low viscosity that facilitates coating of 
the cathodes when applied to a YSZ electrolyte with long and narrow geometry.
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more solvent allowed the cathodes to be simply coated, using 
because the cathodes could be 
a small amount of the solvent could shorten 
+lamination of the sintered cathodes and increase the 
tered to two or three days. As a consequen
les coated by dip+coating technique
50 pm for LSM+YSZ cathode mixtures with volume ratio of 
+YSZ0.7 and LSM0.3 due to their continuous, 




ese cathode paste 
 
 5.5 The influence of different coating techniques on the 
thickness of the cathodes 
As mentioned above, the cathode formulations that give best cathode surface 
properties were chosen to apply into the YSZ electrolyte of the LTA
electrolyte has a specific tubular geometry with closed
dimension, which is differ
experiments. From that point of view, the method to produce cathode
cell would have to use filling or injecting instead of dip
in order to re+assure that the desire
same paste formulations with different coating technique.  Three different coating 
methods comprising Filling (F/L), Dip
employed to compare the thickness obtained from the same paste formu
The cathode thickness given by filling method, measured from fractured samples, 
was compared to the other methods and the results are displayed in Figure 5.








Figure 5.5: Average thickness of coated LSM
As illustrated in Figure 5.
LSM+YSZ and LSM composite cathode insignificantly affect the cathode thickness for 
each dilution. Nevertheless, brush
because the excess cathode pastes 
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+one end, narrow, and long 
ent from YSZ substrates in the previous series of 
+coating technique. Therefore, 
d thickness of the cathodes can be obtained using the 
+coating (D/C), and Brush+painting (B/P) were 
+axis. 
+YSZ or LSM using 3 different coating 
methods 
5, the different fabrication methods for coating the 
+painting technique mostly produced thinnest samples 
were able to be eliminated by the brush while 







painting. In the next series of experiments, all samples were prepared by dip+coating 
and then characterized with regard to their electrical properties. The results of these 
samples are assumed to be approximately equivalent to those that would be prepared 
using the filling method. The dip+coating method of different paste formulation was the 
simplest approach for the cathode deposition on YSZ hollow fibers for electrical 
resistance measurements. This method was used as an alternative to the filling 
(injecting) method because it allows the identification of cathode thickness, which will 
be applied with the YSZ electrolyte for the LTA+ICFC. The results (Figures 5.2 and 
5.3) demonstrated that the thicker pastes mostly gave delaminated sintered cathodes 
and the thinner pastes gave some rough and some continuous surface but that the latter 
were more likely to act as better surface cathodes. Consequently, the LSM+YSZ 
composite cathodes including LSM current collector coated with different thickness 
were analyzed using SEM. ASR measurements of sintered cathodes were carried out 
for comparison of the electrical properties amongst the samples. 
5.5.1 ASR results on the influence of CFL and CCL thickness 
One of the main points for improving the LTA+ICFC performance is to 
understand the influence of electrode geometry on cell behavior [94]. The aim of the 
experimental approach presented in this section is to produce the cathode+supported 
LTA+ICFCs with the least overall cathodic resistance by modulating the electrode 
thickness over a wide range, for both CFL and CCL layers. Measurements of ASR on 
half+cells consisting of YSZ electrolyte and dip+coated cathodes of different thickness 
were performed. Since only the effect of thickness was being considered, the dip+
coating technique was used as the representative technique only to prepare the samples 
with different layers. A number of cathode+coated samples were chosen and determined 
the thickness using SEM micrographs. The average thicknesses of these samples were 
presented. Fuel cells with various numbers of coatings of CFL and CCL were produced 
as shown the details in Table 5.2. A maximum of three layers were dip+coated on top of 
each other before sintering the samples for 3 h at 1100 °C in air. The series A+D 
samples were prepared to investigate the influence of thickness variations of the LSM+




Table 5.2: Average thickness and calculated ASR from samples coated by various 





700 800 900 
A1 (LSM/YSZ 1 layer) 17 2.2x105 7.2x104 3.0x104 
A2 (LSM/YSZ 2 layer) 23 1.8x105 6.9x104 2.9x104 
A3 (LSM/YSZ 3 layer) 66 1.7x105 5.4x104 2.3x104 
B1 (LSM 1 layer) 21 67.80 58.50 55.50 
B2 (LSM 2 layer) 71 14.00 11.90 10.80 
B3 (LSM 3 layer) 135 8.00 6.10 5.50 
C1 (LSM/YSZ 1 +LSM 1 layer) 19:20 169.80 146.20 141.60 
C2 (LSM/YSZ 1 +LSM 2 layer) 25:23 156.80 134.70 132.20 
C3 (LSM/YSZ 1 +LSM 3 layer) 70:19 142.50 131.00 127.50 
D1 21:64 124.6 103.1 97.3 
D2 25:112 86.74 72.95 71.03 
 The ASR values at different temperatures are also listed in Table 5.2. According to the 
data in Table 5.2, it can be seen that with increasing thickness of the CFL (from 1+3 
layers) from 17+66 pm, an almost 20% decrease of the ASR was obtained. On the other 
hand, for the ASR of LSM0.3, as the thickness increases from 21 to 135 pm the ASR of 








Figure 5.6: Calculated ASR of samples A (CFL0.7) as a function of temperature 
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The calculated ASR of LSM+YSZ0.7, LSM0.3, LSM+YSZ0.7 coupled with 
LSM0.3 (separately sintered, and concurrently sintered) at 1100 °C are presented in 
Figures 5.6+5.8, respectively. The CFL in series A was prepared by using paste LSM+
YSM0.7 resulting in thicknesses that varied between 17+66 pm (samples A1+A3). The 
CCL in series B was prepared by using paste LSM0.3 resulting in thickness variation 
between 20+135 pm (samples B1+B3). Another series of samples (sample Cs and Ds) 
coated by both LSM+YSZ0.7 and LSM0.3 with various numbers of coatings (ranging 
from 1 to 3 layers) were produced with thickness variation between 19+70 (CFL) and 
















Figure 5.8: Calculated ASR of Samples C and D as a function of temperature 
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The series C cells were produced to optimize the thickness of both CFL and CCL. 
The thickness of CFL in series C was varied from 19 to 70 pm but the thickness of the 
CCL layer was kept constant at ~19+25 pm. An increase of the thickness of the CFL 
resulted in a slight decrease of the ASR by around 15% which was very similar to the 
ASR of series A samples when the thickness was changed. However, it can be seen in 
Figure 5.8 that a larger decrease of ASR resulted when the thickness of CCL was 
increased from 20+112 pm (samples C1 compared to D1 and D2) and the thickness of 
CFL was kept constant. The lowest ASR was obtained with the cell coated by LSM+
YSZ0.7 and LSM0.3 with a thickness of 25 and 112 pm (3 layers of LSM0.3 used) 
respectively. The samples with higher than 3 layers of either LSM+YSZ or LSM were 
not prepared and tested since the obvious de+lamination of all the samples would be 
expected.  
In the case involving a layer of CFL between 19 and 70 pm with a constant 
thickness of CCL about 20 pm, no obvious changes were found in the electronic 
performance. This was explained by the fact that a further increase of the total effective 
length of the triple phase boundary does not contribute to higher electronic 
performance. This could be because using a much larger thickness might adversely 
influence the electrochemical performance because the paths for oxygen gas are 
extended resulting in slow oxygen diffusion to the TPB. It has also been discussed in 
literature [141] that above a critical thickness of the CFL the electrochemical 
performance did not further improve with increasing thickness. The YSZ samples 
coated by LSM with more than 3 layers were not prepared and tested for the same 
reason and additionally because it is suggested that a thickness of CCL at least 45+50 
pm should be able to fully utilize the total surface area of the whole LSM/LSM+YSZ 
interface area. According to the reasons, the preparations and fabrications of higher 
than 3 layers of LSM+YSZ and LSM coated samples were not carried out. 
 
5.6 The influence of sintering temperatures on microstructure 
and electrical conductivity 
In order to serve as a cathode material in an operating fuel cell, not only the 
appropriate electro+catalytic properties are needed but also decent microstructure 
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characteristics including ~20+50% open porosity [135]. The conductivity of porous 
materials alters when the density is changed. Therefore, sintering temperatures are 
crucial as they control the porosity of the LSM bodies.  
In this series of experiments both LSM+YSZ and LSM layers were sintered to 
various temperatures below 1200 °C at the same sintering time of 3 h to avoid the 
influence of different sintering times on their performance. The morphology of the cells 
was observed using the SEM technique after the electronic resistance measurement to 
assess the uniformity of the electrode thickness for standard DC four+point probe 
measurement. Since fuel cells are generally compared on a per+unit area basis using 
current density instead of current (see more details in Chapter 2), it is generally 
necessary to use area+normalized fuel cell resistances when discussing ohmic losses. 
The experiments in this section are divided into four series as described below:  
• samples prepared by coating 1 layer of LSM+YSZ and sintering at 1000+
1150 °C  
• samples prepared by coating 1 layer of LSM and sintering at 1000+1150 °C 
• samples prepared by coating 1 layer of LSM+YSZ and 1 layer of LSM. 
Both layers were air+dried and then separately sintered.  
• samples prepared by coating 1 layer of LSM+YSZ and 1 layer of LSM. The 
CFL and CCL layer were applied with air+drying between the layers but without 
sintering. After the last layer was applied the samples were concurrently.  
The tested combinations of sintering temperatures of these series of samples are shown 












Table 5.3: Overview of composite cathode and current collector prepared by dip+




LSM+YSZ (CFL) layer  
[°C] 
Sintering temperature, 




E1 1000 + + 
E2 1050 + + 
E3 1100 + + 
E4 1150 + + 
G1 1000 1000 Separately 
G2 1050 1050 Separately 
G3 1100 1100 Separately 
G4 1150 1150 Separately 
F1 + 1000 + 
F2 + 1050 + 
F3 + 1100 + 
F4 + 1150 + 
H1 1000 1000 Concurrently 
H2 1050 1050 Concurrently 
H3 1100 1100 Concurrently 
H4 1150 1150 Concurrently 
5.6.1 Microstructural investigation of cathodes sintered at different 
temperatures 
Usually, the cathodic performance is dependent on its porosity. However, it is 
difficult to estimate the porosity of thin cathode+coated YSZ fibers quantitatively. 
Hence, the relative microstructure of sintered cathodes was primarily investigated by 
SEM. The microstructure of the both LSM+YSZ and LSM electrodes were strongly 
affected by the sintering temperature, as demonstrated by Figure 5.9 (samples E1+E4 in 
Table 5.3) for LSM+YSZ0.7 and Figure 5.10 (samples F1+F4 in Table 5.3) for LSM0.3. 
For both series, the thickness of the LSM+YSZ and LSM was kept constant at 20+25 
and 35+45 pm, respectively.  
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The sintering temperature substantially influences the size of both LSM+YSZ and 
LSM cathode particles as shown in Figures 5.9 and 5.10.  As the sintering temperature 
increases, the particle size of both sintered CFL and CCL increases. Figures 5.9 and 
5.10 show that the electrodes sintered at higher temperature contains larger pore and 









Figures 5.9: SEM photographs: LSM+YSZ composite cathode (Samples E1+E4) by dip+









Figures 5.10: SEM photographs LSM current collector (Samples F1+F4) by dip+coating 
sintered at (a) 1000 °C, (b) 1050 °C, (c) 1100 °C, and (d) 1150 °C 
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Average pore sizes and %+porosity of samples E and F are displayed in Table 5.4. 
Interestingly, porosity of the both samples Es and Fs seems to increase as the sintering 
temperatures increase from 1000+1100 °C due to higher number of opened surface. 
However, at temperature higher than 1100 °C, %+porosity of sample E4 and F4 
slightly decrease, it is probably because the particles became more agglomerated, which 
resulted in larger average pore sizes and lower porosity (see Table 5.4 and Figures 5.9+
5.10). The electrode having all layers sintered at 1150 °C has a less homogeneous pore 
distribution (Figures 5.9d and 5.10d) than at lower sintering temperatures due to larger 
particle sizes. When the sintering temperature was increased, the sintered particles 
became increasingly spherical which was observed for both CFL and CCL cathodes. 
Table 5.4: %+Porosity of Samples E and F (calculated using two+dimensional SEM 











E1 69.36 380 1.29 0.003 1.86 
E2 73.54 341 1.64 0.005 2.23 
E3 68.53 468 4.76 0.010 6.95 
E4 75.18 153 2.64 0.017 3.51 
F1 73.79 229 2.14 0.009 2.90 
F2 73.20 188 2.67 0.014 3.65 
F3 73.69 210 5.18 0.025 7.04 
F4 73.26 102 3.94 0.039 5.37 
* IJ 1.46r Revised edition 
The appearance of LSM+YSZ composite cathode and LSM current collector 
separately and concurrently sintered at 1000+1150 °C are illustrated in Figure 5.11 
(samples G1+G4 in Table 5.3)  and in Figure 5.12 (samples H1+H4 in Table 5.3), 
respectively. The sample ID and the sintering conditions are also stated in Table 5.3.  
The adhesion between both the CFL and the electrolyte, and the CFL and CCL 
layers in general seems to be reasonable for all the electrodes. The red+ and orange 
double+arrow lines in Figures 5.11 and 5.12 indicate the LSM+YSZ layer for sample G 
and H series, respectively. The dashed lines in Figures 5.11 and 5.12 roughly indicate 
the LSM+YSZ/LSM interface of samples G and H series. The number of small pores at 
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the CFL+CCL interface is slightly larger for the electrodes sintered at 1000 and 1050 °C 










Figures 5.11: SEM photographs of samples G: LSM+YSZ and LSM current collector 









Figures 5.12: SEM photographs of samples H (dip+coated), sintered at (a) 1000 °C, (b) 
1050 °C, (c) 1100 ° C, and (4) 1150 °C 
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5.6.2 Area specific resistance of cathodes sintered at different 
temperatures 
Sintering temperatures were also varied to investigate the effect of LSM+YSZ and 
LSM porosity on fuel cell performance. It has been suggested that LSM+YSZ having 
>50% porosity values provides insufficient strength for cell preparation and testing [96, 
135] hence sintering temperatures higher than 1200 °C were not tested as excessive 
porosity of samples may be expected. Furthermore, sintering temperatures higher than 
1200 °C were not considered because there are some solid+state reactions between LSM 
and YSZ oxide phases that lead to the formation of insulating phases [140, 144] such as 
La2Zr2O7 and/or SrZrO3, species that reduce the electrode performance or lessen 
robustness of other cell components. On the other hand, the temperature lower than 
1000 °C was also not chosen because below this temperature the sintered electrode 
contains too small porosity and hence possibly insufficient surface area for oxygen 
reactions. 
The ASR results at 700+900 °C using air as the oxidant for the electrodes sintered 
at different sintering temperatures are compared in Figures 5.13+5.16. It was found that 
the ASR of LSM+YSZ0.7 increases as the sintering temperatures increases. The 
sintering temperature seems to not affect the ASR when sintered above 1100 °C. Even 
though the density of LSM+YSZ becomes higher at higher sintering temperature, 
displaying the same trend as LSM, the ASR of LSM+YSZ0.7 showed a different 
tendency from only LSM0.3 coated samples.  This is because YSZ particles in LSM+
YSZ presumably obstruct the electronic path when the particle size increases and the 
YSZ connectivity increases. Since the ASR of LSM+YSZ is 103+104 times higher than 
that of pure LSM from 700+900 °C, as can be seen from previous Figures (5.6+5.7) and 
in the Figures below, conductivity in LSM+YSZ composite coupled with LSM is 
dominated by the LSM layer. This can be ascertained by comparing the ASR results of 
LSM+YSZ (Figure 5.13) and LSM+YSZ coupled with LSM (Figures 5.15+5.16), 
respectively. 
 The results show a good agreement with other report [93] that LSM dominates 
conductivity in LSM+YSZ composite cathodes where there was good connectivity of 
LSM, normally when 40 vol+% of LSM is used. Additionally, the calculated ASR was 
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determined from the measured series ASR intermediate temperatures (700+900 °C) 
































Figure 5.15: ASR of sample G (LSM+YSZ/LSM) series as a function of sintering 
temperature 
The variation in microstructure for the electrodes that contained LSM layer seems 
more reflected in the ASR, as illustrated for samples F, G and H in Table 5.3 and 
Figures 5.13+5.15. Increasing sintering temperature and thus denser microstructure lead 
to a decrease in the ASR of the electrode. A similar tendency of ASR for electrodes, 













5.7 Calculated ASR of cathode+supported YSZ electrolyte 
fuel cells (tubular LTA+ICFCs) 
It became obvious that the thickness of the cathode could not be kept constant for 
the different coating methods even though the same cathode paste formulation was used 
because some techniques can control the initial volume of the paste being coated such 
as brush+painting, where the excessive paste was less than the other coating methods. 
Furthermore, for the other methods, such as the dip+coating method, the surrounding 
environment could also affect the paste being coated in terms of the paste viscosity. If 
the surrounding environment has higher flow of air or lower temperatures, the cathode 
pastes being coated might be dried quicker and has higher viscosity resulting in thicker 
coated pastes. Therefore, the performance of these different cathodes in previous series 
of the experiments (in section 5.5 and 5.6, Chapter 5) were tested and compared.  
In this section the cathode+supported LTA+ICFCs were prepared using 
injection/filling method for 2 different CCL thicknesses. The ASR was conducted for 
the sintered cathode+coated LTA+ICFC samples and presented in Figure 5.17.   
In accordance with the preliminary results considering the influence of cathode 
thickness on the ASR of the electrode, the lowest ASR was obtained by coating 1 layer 
of LSM+YSZ0.7 and 3 layers of LSM0.3 with the thickness of the cathodes between 20 
and 112 pm, which resulted in the overall thickness for this combination of ~130 pm. 
At this fairly large thickness of the combination of the cathodes, the electrochemical 
performance of the cell might be expected to decrease from the extended paths of gas 
diffusion through the cathode layers. It was also concluded in [141] from experimental 
work that the highest electrochemical performance was obtained from the cells with a 
thickness of the CFL and CCL combination of ~70 pm. Furthermore, increasing the 
thickness of the LSM current collector resulted in a decrease in ASR of the cathodes by 
increasing the electronic path of the cathodes. The ohmic resistance is expected to 
increase due to the cathode film thickness as shown in Eq. (5.4) [91]: 
Ohmic resistance = lead wire resistance + bulk resistance of YSZ electrolyte + (in+
plane resistance, and cross+plane resistance of LSM+YSZ/LSM cathodes)                                                     
(5.4) 
The equation of in+plane and cross+plane is as follows:  
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                                             U	in − plane = ½.S¬	  . r'                                                    (5.5) 
                                            U	cross − plane = ρ6. i	. th                                             (5.6) 
where U = voltage drop, i = current density, th = thickness of electrode, r = spacing of 
current collector, and ρe = resistivity of electrode.  
According to these equations, the effect of thickness on ohmic resistance has to 
be considered. Therefore the number of LSM0.3 coatings was limited to 2 layers as it 
provided a similarly low ARS as coating LSM0.3 for 3 layers, and the overall thickness 
of this CFL and CCL combination was ~80 pm, which are close to the literature [141]. 
As described previously, ASR is not only affected by the area of cathode but also its 
thickness which is a path for electronic transportation in the case of LSM. The length of 
the YSZ closed+one ended tubes is 30 cm, which is substantially longer than the YSZ 
hollow fibers.  
Consequently in the last series of experiments, cathode+supported cells were 
prepared using paste of LSM+YSZ0.7 and LSM03. The CFL paste application was kept 
constant at 1 layer, providing a thickness of about 20 pm. The CCL layer was varied 
between 1 and 2 layers with thicknesses ranging between 25 and 60 pm. The ASR of 
the coated cells were then determined and are given in Figure 5.17. 
Figure 5.17 shows the ASR with different numbers of cathode coatings onto 
YSZ electrolyte tubes. The measurements were carried out from 700 to 900 °C. It was 
found that the cell coated by 1 layer of CFL and 2 layers of CCL provided lower ASR, 
as expected from the preliminary results (see Table 5.2). This suggests that in the range 
studied for these YSZ closed+one ended tubes, the ASR of the cell does not change 
considerably. Therefore, these cathode paste formulations and number of coatings have 















Figure 5.17: Calculated ASR of tubular closed+one ended YSZ electrolytes, coated by 
LSM+YSZ0.7 and LSM0.3, as a function of operating temperature 
  In Figure 5.18, five cathode+coated YSZ electrolyte tubes are shown clamped 
















 The deposition of composite cathode LSM/YSZ and LSM onto YSZ electrolyte 
has to be carried out using a filling+draining method due to the long closed one+ended 
tubular geometry. Homogeneity and low cathodic resistance of the deposited cathodes 
are required: Therefore, an attempt to obtain a homogeneous composite for good 
electrical connection with current collector and adequate electrical conductivity was 
undertaken by varying paste formulations, cathode thicknesses and sintering 
temperatures. The sintered cathodes were characterized using SEM to observe the 
morphology and homogeneity as well as the deviation in the coated cathode thickness. 
Although the ASR of the composite cathode can be decreased by increasing the 
sintering temperature, sintering at temperatures above 1100 °C causes precipitation of 
MnO2 and higher density of the composite cathode. A very high density of LSM+YSZ 
leads to a higher polarization resistance. Therefore a lower sintering temperature of 
1100 °C was chosen to sinter 1 layer of LSM+YSZ0.7 and 2 layers of  LSM0.3 (the 
cathodes suitable for the YSZ electrolyte) because sintering with these conditions 
provided an admissible ASR of the electrodes and also prevents the chemical reaction 











Electrochemical Experimental Work, 
Experimental results from Scaled+up 
Electrochemical Reactor, and One+dimensional 
Transfer Oxygen Reaction Model of the LTA+
ICFC 
 
The concept of a liquid metal anode fuel cell is being considered by several 
researcher laboratories due to its potential capability of directly converting coal into 
electrical power. Due to the complexity of such a cell, many factors need to be 
investigated including the thermodynamics of reactions involved, the assessment of the 
electrochemical performance of such as system and how this depends on oxygen 
diffusivity and surface kinetics. This chapter describes the experimental setup and 
operation of 3 different configurations of the electrochemical reactors described in 
Chapter 4. In addition, experimental results regarding oxygen solubility, current density 
and power density, obtained from the batch scale oxygen sensor reactor, and scaled+up 
reactor, respectively, are presented.   
 
6.1 Electrochemical experimental work on LTA+ICFC 
6.1.1 Materials  
6.1.1.1 Chemicals and instruments 
 One of the objectives of this work on the design and operation of an LTA+ICFC 
is to clarify the effect of oxygen transport rate (dictated by current density) on tin+oxide 
formation processes at the YSZ electrolyte/liquid tin bulk interface. Since the goal is to 
measure anode kinetics and achieve maximum performance at operating conditions, the 
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testing cells were designed with a tubular geometry. The benefits of a tubular 
configuration have been described in Chapter 4, which contains the details of several 
Liquid Tin Anode+Indirect Carbon/Air Fuel Cell (LTA+ICFC) designs. The 
experimental set ups shown in Figures 4.30+4.32 utilise closed+one+end tubular YSZ 
electrolyte (10 mol+% Y2O3, McDanel, USA) with a 6.35 mm outside and 4.78 mm 
inside diameter with a 3.05 mm diameter graphite rod current collector (Alfa Aesar, 
UK), and approximately 4 kg of analytical grade tin (>99.99 wt+%, Merck Chemicals 
Ltd.). Both Alumina crucible (fuel cell supporter) and alumina tubing were purchased 
from Almath Crucibles Ltd., UK with diameter of 80 mm and ~3 mm outside diameter, 
respectively. Cathode materials are LSM/YSZ and LSM as well as ink vehicle were 
purchased from Fuel Cell Material.com, USA. The details of cathode preparation and 
characterisation are discussed in Chapter 5. 
 As seen previous in Figures 4.30+4.32 (in Chapter 4), there are two YSZ tubes 
used. YSZ tube placed precisely centre of the reactor was assigned as cell 1. The other 
cell placed off centre of the reactor was so+called cell 2. Cell 1 was employed as the 
working cell that was thereafter connected to the load. Cell 2 was employed as a 
reference cell to investigate/determine oxygen solubility in liquid tin while cell 1 was 
operating under load conditions. 
6.1.1.2 Experimental design 
To study the kinetics of oxygen transfer at the liquid metal – electrolyte interface 
experimental parameters that were investigated are listed below:  
o Three cell temperatures were investigated: 700, 750, and 800 °C  
o Inert and reducing gases were employed: He, He and H2 (H2 is used before 
recording OCV and current+voltage responses in order to reduce substances/impurity in 
liquid tin 
o The cell was operated with and without He bubbling in order to affect the 
mass transfer at the liquid tin electrolyte interface 
Resistance that gave most conditions the maximum performance (observed from the i+
V results) are 5 and 20 Ω. But the resistance of 10 Ω was chosen because it facilitated 
greater accumulation of oxygen at the liquid tin/YSZ electrolyte interface 
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6.1.2 Experimental procedures 
• The experimental conditions were divided into two main sets which are 
using bubbling gas and without bubbling gas for the fuel cell’s analytical purposes. 
Therefore, all the experiments were repeated at the same condition but without 
bubbling gas.  
• Two alumina tubes were used for inlet gas delivery into the anode chamber. 
The gas feed can be either only inert gas or a mixture of fuel gas such as H2 mixed with 
dry He. 
6.1.2.1 Open+circuit voltage (OCV)  
 This experiment was conducted to determine the OCV of the fuel cells under 
different conditions and compared them to the theoretical values as presented in 
Chapter 3. 
In order to measure typical OCV and cell performance, Agilent multi+meters 
were applied to monitor the cell potential and cell current. All the data were recorded 
using Agilent software. An early set up for OCV measurement at 700+800°C is 
presented in Figure 4.30. The YSZ tube utilised a composite cathode and a current 
collector applied to the internal surface, a gas inlet tube and graphite rods were 
immersed in the liquid tin anode (LTA). The process steps for electrochemical 
measurements were conducted as follow: 
1. Three digital mass flow controllers (MFCs) for He, H2, CO2 etc. were 
calibrated using the corresponding gas at the flow rate ranging from 5+200 ml/min 
using bubble flow meter. 
2. Flow rate of He or other inert (bubbling) gases were set at 15+20 ml/min. 
The gas pressure at the gas cylinders was kept constant at 4 bars. 
3. After the fuel cell was assembled and closed, the furnace temperature 
controller was programmed to the working temperatures from 700+800 °C. The 
heating/cooling rates were controlled at lower than 3 °C/min in order to avoid cracking 
of the ceramics as a result of temperature gradients.  
4. After reaching the melting point of tin (232.1 °C), He and Air valves were 
switched on and kept open until the end of the experiment. For some experiments 
measurements were carried out without He bubbling through the tin. The air flow fed to 
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the cathode was set at 10 ml/min. Two alumina tubes were used for inlet gas delivery 
into the anode chamber. The gas feed can be either only inert gas or a mixture of fuel 
gas such as H2 mixed with dry He. 
5. OCV of the cell was monitored and recorded at a constant temperature and 
gas flow rate.  
6.1.2.2 Cell performance measurements  
After recording the OCV for approximately 1 h to acquire data at a 
stable/steady+state conditions, fuel cell performance testing was carried out using a 
resistance box (load cell) with resistances ranging from 1+106 Ω. This experiment was 
done to explore the maximum performance at different operating conditions which 
were at 700, 750, and 800 °C using either a bubbling gas (He) or no bubbling gas.  
The resistances displayed in Table Appendix E.1 were used for measuring and 
collecting data at operating temperatures of 700, 750, and 800 °C. The resistances were 
divided into 2 series: series 1 from point 1+25 (where the resistances were decreasing), 
series 2 from point 26+50 (where the resistances were increasing). While both series of 
the resistances were chronologically connected to the fuel cell, currents and voltages of 
the cell were being instantly collected. The data of currents and voltages obtained from 
the measured cell when each series of the resistances was applied were compared. The 
power densities were calculated using the currents and voltages obtained at the 
operating temperatures of 700+800 °C. The resistance value at the peak power at each 
condition was recorded. The same resistance was applied in the next series of 
experiments to study the current density effect on the anodic reaction processes at 
different operating conditions. At this chosen resistance, the greatest accumulation of 
oxygen ions at the tin/YSZ electrolyte interface will be achieved. A schematic diagram 
of the setup of the scaled up electrochemical cell for the measurement of power 







6.1.2.3 Current density effect on time dependent growth of tin oxide 
 After completion of OCV measurements and cell performance test of cell 1 and 
cell 2, cell1 was connected to an assigned load and cell 2 (reference cell) was kept 
under no load condition. This experimental work was set with different conditions for 
both cells in order to determine the resistive changes as results of formation and 
dissolution of Sn[O](l) as a function of time at the liquid tin/YSZ interface at cell 1. 
While cell 1 was being investigated under load, cell 2’s OCV had been measured to 
monitor the oxygen concentration changes in the liquid tin. 
 Impedance spectroscopy was used to measure resistance of cell 1 and cell 2 
before an experiment in 6.1.2.3 (current density effect on time dependent growth of tin 
oxide) of the LTA+ICFC was carried out to investigate the resistance of the fuel cells at 
different electrode. Additionally, Impedance measurements was periodically employed 
to cell 1 after the load was disconnected from the cell for determining the resistance 
after SnO2 was formed at the tin/YSZ interface and was dissolving away from the 
interface as until its OCV was recovered. The results obtained from impedance spectra 
were thereafter analysed and interpret with respect to the time dependent growth and 
dissolution of SnO2 at the interface. 
6.1.2.3.1 Experimental process steps:  
 The fuel cell was assembled and closed. Then, the furnace temperature 
controller was programmed to the working temperatures from 700+800 °C. The 
heating/cooling rates were controlled at lower than 3 °C/min in order to avoid cracking 
of the ceramics as a result of temperature gradients. 
 After reaching the melting point of tin (232.1 °C), He and Air valves were 
switched on and kept open until the end of the experiment. For some experiments 
measurements were carried out without He bubbling through the tin. The air flow fed to 
the cathode was set at 10 ml/min. Two alumina tubes were used for inlet gas delivery 
into the anode chamber. The gas feed can be either only inert gas or a mixture of fuel 
gas such as H2 mixed with dry He. 
 Then the cell was connected to a Metroohm Autolab Potentiostat for 
impedance spectroscopy measurements to obtain the initial series resistance of the cell 
using NOVA 1.7 software to record the data.  
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 Next, a constant resistance was set at the resistance box and then connected 
to the cell 1 at both electrodes. The data were monitored and recorded through the 
Agilent multi+meters with USB connectors to a computer. Each experiment was 
conducted for longer than 15 hours to ascertain that the oxygen ions/tin oxide layer 
accumulation at the liquid tin/YSZ electrolyte interface was stable. This step was done 
in order to study the effect of current density drawn from the fuel cell to the rate of 
formation/ dissolution the tin+oxide layer that was expected to affect the resistive 
changes of the working fuel cell. 
 A second electrolyte was used to monitor the change of oxygen solubility in 
the liquid tin bulk when current is drawn from the cell1 This second electrolyte, so 
called cell 2, was an important means to independently determine the actual oxygen 
concentration (using OCV values) in the liquid tin anode in order to compare to the 
voltages of the cell1. 
 After 15 hours, the cell was disconnected from the resistance box and 
immediately followed by impedance measurements of the cell. The impedance spectra 
were recorded every 10+30 min until the cell’s voltage returned to the OCV or 
considerably close. 
 Polarization measurements were carried out thereafter and recorded as the 
cells’ performance after long operation using the same experimental set up as Figure 
4.32.  
• After each set of experiments was completed, the furnace controller was re+
programmed to cool down at <2 °C/min and set to remain at the tin’s melting point to 
prevent rupture of the ceramic reactor container.  
• All the gas valves were switched off and the fittings were removed. After 
that the top flange as well as the fuel cell was isolated from the molten+tin bath.  
To summarise the polarisation test procedures at each working temperature, the 
reactor was heated up to the elevated temperature and kept constant then OCV was 
recorded for 30 min. After that, the working cell (cell 1) was connected to a resistance 
box adjusted to 10 Ω. The current and voltage of cell 1, and the voltage of a reference 
cell (cell 2) were synchronously recorded for about 23 hours. When the measurement 
was conducted for 15 hours, the resistance was removed; the voltage of cell suddenly 
rose. From this point onward, all the data were still recorded and the impedance 
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measurements of cell1 were performed periodically until the voltage of cell1 returned 
to its OCV or substantially close. 
 
6.2 Results and discussion 
6.2.1 OCV and performance measurement of LTA+ICFCs 
6.2.1.1 Temperature effect on OCV 
E.m.f.s of the cells:  
Graphite(C), Sn(l), SnO2|O
2+|air, silver, SS 
were recorded and compared with theoretical OCV using thermodynamic predictions 
(Factsage6.3). The results of temperature dependence of OCV obtained for pure tin are 









Figure 6.1: Temperature dependent OCV plots of two separated YSZ cells 
The initial OCV of cell 1 in pure liquid tin was ~0.94, 0.92, and 0.90 V at 700, 
750, and 800 °C, respectively. These data of OCV of pure tin are in good agreement 
with the thermodynamic software and available literature data for the oxidation of Sn 
when referenced to air (pO2 = 0.21 atm). A marginally different OCV was recorded for 
the OCV of cell 2 this difference might be attributed to either the position of cell 2 
which was placed off centre within the reactor and thus might experience a different 
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temperature or, more likely due to the variation in reproducibility of the contact 
resistance of the cathode and the current collector (silver mesh). 
6.2.1.2 Impedance measurements results 
Impedance measurements of the fuel cell were carried out from 700+800 °C with 
50 °C interval using a Frequency Response Analyzer/Electrochemical Interface (FRA). 
The impedance spectra in Figures 6.2 and 6.3 show decreasing cell resistance as the cell 
temperature increased for both conditions: using He bubbling gas (before measuring the 
Impedance) and without He. This is expected and is attributed to the fact that at higher 
temperatures, there were lower resistances of contact resistance between silver lead 
wire and wool and lower ionic resistance of the YSZ electrolyte causing lower 
resistance. While the x+axis intercept of the semi+circle loops at higher frequency of 
750 and 800 °C have shifted slightly to the left from that of 700 °C, their diameters 
almost halve from 22 Ω to 14 Ω at 750 °C, and to 13 Ω at 800 °C.  
Further, there was no diffusion polarisation (as there was no 45° line at the 
lower frequency region)  observed at the test for this new cell which implied that there 
was no SnO2 barrier at the tin/YSZ interface. According to the impedance spectra 
presented in Figures 6.2+6.3 at all measured temperatures either when operating with 
He or no He gas, the ohmic losses are about 37, 28, and 27 Ohm at 700, 750, and 800 
°C, respectively. And the non+ohmic losses (Figures 6.2+6.3) are also greater at 700 °C 
than 750 and 800 °C. It shows that at 800 °C, both ohmic resistance and the polarisation 
losses are lower than those at 700, and 750 °C resulting in higher performance, as can 
be seen in Figures 6.5+6.7.  
Additionally, in Figure 6.4, the impedance results from a LTA+ICFC when both 
using He and not using He at 700+800 °C are compared and do not show significant 
differences qualitatively or quantitatively. However, the ohmic resistance mainly 
caused by the YSZ electrolyte seems to be significantly higher than the resistance 


























Figure 6.4: Impedance spectra at OCV from 700+800 °C with and without He gas 
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6.2.1.3 Temperature effect on the fuel cell’s performance 
The cell performance results are presented in Figures 6.5+6.7 respectively. The 
fuel cell achieved 0.02, 0.025, and 0.03 W of power at 700, 750, and 800 °C 
respectively operating in “battery” mode when tin was consumed as a fuel and became 
tin oxide. Due to a very thick YSZ electrolyte layer of 1.57 mm, very low power 
outputs were expected, but the results compare favourably to those obtained for the 
same system operated from pure tin under the same condition (~0.003 W equating to 
0.015 A/cm2 at 700 °C using YSZ electrolyte 900 pm thick, research done by 
Jayakumar et. al.  [146]).   
Considering temperature effects on the cell performance, the results indicate 
that the increase in temperature apparently causes an increase in performance in the 
cell, as shown in Figures 6.8+6.10. It appears that the rate of reaction was highest at 800 
°C in the range of 700+800 °C. According to these initial data, the higher the 
temperature, the higher the current was generated from the cell, and therefore the power 
output. The results illustrate the direct influence of the temperature on the cell’s current 
density which is related to the ion conductivity of the YSZ electrolyte.  
These results are in accordance with the experimental data on ionic conductivity of 




















Figure 6.6: Initial polarisation curve of cell1 at 750 °C, using He bubbling gas 
The data shows that the power density reaches a maximum as the resistance was 
lowered and then began to decrease due to the decreasing voltage. The maximum 
power density was not re+acquired when the potential of the cell was rising (whilst the 
resistances were being increased) because of the hysteresis effect. The decreased 
current density at the reversed voltage loop was probably caused by capacitive 
hysteresis [147], which is the effect of charge trapping at the dielectric layer, in this case, 
could be the Sn[O](l) region. And the gap between the “decreasing+resistance” line and 
“increasing+resistance” lines can be strongly depend on physical thickness of the 
interfacial Sn[O](l) at the liquid tin/YSZ interface. A higher measurement temperature 









Figure 6.7: Initial polarisation curve of cell 1 at 800 °C, using He bubbling gas 
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Since the temperature dependency of the ionic conductivity follows Arrhenius’ 
equation [36, 85] (Eq. (6.1)): 
                                         σ = ¸$ exp	(− $                                                   (6.1) 
 where E is the activation energy, T is the absolute temperature, σ0 is a material 
constant (the pre+exponential factor), and k is the Boltzmann constant, it can be 
explained that the oxygen diffusion rate through the YSZ electrolyte will be higher 
owing to higher ionic conductivity of the material and hence the cell’s performance. 
 Using the results of the i+V polarization curves shown in Figures 6.8+6.10, 
Tafel plots of the electrochemical system, with ηact ≥ 50+100 mV, can be created using 
the Tafel equation [30] (Eq. (6.2)): 
                                                            ηP8	 = 
$iL ln SS                          (6.2) 
where α is the transfer coefficient of the reaction at the electrode being addressed 
(liquid tin anode in this case), and i0 in Eq. (6.2) is the exchange current density. In the 
Tafel plot, log i is plotted against ƞact and estimates of the exchange current density, 
given by the extrapolated intercept at ηact = zero, and the transfer coefficient (α), from 
the gradient of the line, are obtained.  
The Tafel plots for the LTA+ICFC are presented in Figure 6.11 (a+c). The exchange 
current density values of the system at 700, 750, and 800 °C are 3x10+6, 3.4x10+6, and 
4x10+6 A/cm2, respectively, and the transfer coefficients are approximately 1x10+4 [unit 
less] for 700, 750, and 800 °C.  
The exchange current density (i0) gives information on the kinetics at the 
electrode and it is used to describe how fast a reaction is occurring at the equilibrium 
potential. For specific reactant concentrations, the exchange current is proporational to 
the rate of electron transfer (i.e. how easily the charge+transfer process can occur) [161]. 
The details of the rate of charge transfer are described in Appendix G. When the 























Figure 6.8: Tafel plots of the LTA+ICFC at (a) 700, (b) 750, and (c) 800 °C. 
The anode reaction in the LTA+ICFC is shown in Eq. (3.9) (the oxidation of [O2+](l)): 
                                               Sn(l) + [O
2+](l) ↔ Sn[O](l) + 2e
+
                                 (3.9) 
Since there is no theoretical ways of accurately determining the exchange current for 
any given system, this must be determined experimentally [163]. The Tafel slope is 
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therefore measured experimentally. It, however, can be shown theoretically that when 
the dominant reaction mechanism involves the transfer of a single electron that 
                                                        
$
6 < Á                                               
and A is defined as 
                        A = $6i                                              
Where 
A is the Arrhenius factor 
k is Boltzmann's constant 
T is the absolute temperature 
e is the electron charge 
α is the so+called "charge transfer coefficient", the value of which must be 
between 0 and 1. 
The approach described is called transition state theory [164]. The transition state 
theory is an attempt to identify the principal features governing the magnitude of a rate 
constant. The principal features of a reaction identified using the transition state theory 
are in terms of a model of the mechanisms taking place during the reaction. 
The exchange current densities and the transfer coefficeints determined from the 
Tafel plots in Figure 6.11 (a+c) are arisen from the oxidation, they are therefore 
assigned as the anodic exchange current density and the anodic transfer coefficients, 
respectively. The mechanisms and kinetic of the reaction in LTA+ICFC liquid tin anode 
is explained using these two variable extracted from the Tafel plots and the the rate of 
charge transfer [164] , as shown below.  
The anodic and cathodic kinetic constants can be evaluated at equilibrium from the 
exchange current desnity: 
kP = SL=ªY and k8 = SL=vY where subscript o represents equilibrium conditions. 
Redefining the transfer coefficient (α) for the anodic and cathodic components: 
αP = (1 − βn 
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α8 = βn 
The transfer coefficient, α, is a quantity that is commonly employed in the kinetic 
investigation of electrode processes [163]. 
Assuming the concentration at the surface is equal to the concentration at the bulk 
which will be the case of equilibrium condition, then the net current can be expressed 
as: 
                          i = ib nexp gilL
$ ƞp − exp g&iEL
$ ƞpo                     Eq. (6.2a) 
Eq. (6.2a) is known as the Butler+Volmer Equation. 
To use the Butler+Volmer equation, three variables αa, αc, and i0 need to be 
determined When the over potential (ƞ) is very small, the exponential term in the 
Butler+Volmer equation can be expanded using Maclunrin series, neglecting some of 
the terms in the series [165]:  
     i = S(il¶iEL
$ ƞ              Eq. (6.2b) 
 If the over potential is large and positive, the second term of the Butler –volmer 
equation can be neglected, then: 
                     i = ib nexp ilL
$  ƞo                                     Eq. (6.2c) 
If the over potential is large and negative, the first term of the Butler+Volmer can 
neglected, then: 
      i	 = −ib nexp − iEL
$ ƞo                              Eq. (6.2d) 
Eqs. (6.2c+6.2d) are known as Tafel equations. 
Taking logarithm of Eqs. (6.2c+6.2d) and rearranging [166]: 
:  
    log iP = logib +	 [ilLƞ]'.b
$    Eq. (6.2e) 
     log i8 = logib −	 [iELƞ]'.b
$    Eq. (6.2f) 
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Eqs. (6.2e+6.2f) are called anodic and cathodic Tafel equations, respectively.  
When log (i) is plotted against over potential (ƞ Tafel plots are created. These plots 
offer simple method for experimentally determining of the exchange current density (i0) 
and transfer coefficients (α).  
As the over voltage (ƞ) due to kinetics of fuel cells is a function of the current density 
[165, 167], it is often described by the Tafel equation (similar to Eq. (6.2) given by: 
     ƞ = A ln n SSo             Eq. (6.2g) 
Where  
A is called the Tafel constant [Volts] 
A is higher for an electrochemical reaction that is slow (a slow reaction leads to 
a higher overpotential). [167] 
The transfer coefficient (α) provides the information regarding the mechanisms of the 
reaction: how similar the transition state in the cathodic reaction is to the product. High 
values of α show a very similarity of the transition state and the product: while in the 
anodic reaction gives a converse interpretation. 
According to Eq. (6.2g), the Tafel constant, A, is also a function of the transfer 
coefficient (α). From Eq. (6.2) and Eq. (6.2g), we will have: 
                   A = 	 
$iL               Eq. (6.2h) 
When the transfer coeeficient (α) is low, the Tafel constant A is high resulting in slow 
reaction and a high overvoltage. Conversely, if α is high, an electrochemical reaction is 
fast leading to a low overvoltage.  
The effect of αc on current density is shown in Figure G.1 (in Appendix G). It is 
catagorised into three reaction patterns as follows: 
(1) αc = 0.25, oxidation is favoured 
(2) αc = 0.50, reactions are symmetrical and 
(3) αc = 0.75, reduction is favoured 
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However, in the case of the positive overpotential and higher than 52 mV, the anodic 
Tafel equation (Eq. (6.2d)) is applied to determine the anodic transfer coefficient (αa). 
The values of the αa are interpretated conversely.  
The anodic exchange current densities (ia) at 700, 750, and 800 °C at dynamic 
equilibrium are small, which indicates the activity of the reacting species (reduced 
species) at these temperatures. In other words, the oxygen ([O2+](l)) in the LTA system 
appears to have a low activity showing the rate of the reaction (6.2) is slow.  
For the symmetrical electrode reaction, the transfer coefficient is approximately 
α = 0.5. For most electrochemical reactions, α = 0.2+0.5 [168]. For the LTA+ICFC, the 
anodic transfer+coefficients of Eq. (3.9), αa, acquired from the gradients of the lines of 
the Tafel plots in Figure 6.11 (a+c), are very small indicating that the reduction of 
Sn[O](l) (the reverse reaction in Eq. (3.9)) is favoured. Hence, the film resistance should 
not be encounted at the YSZ electrolyte/liquid tin anode interface due to very low 
values of the anodic transfer coefficient. 
 6.2.2 Current density effect on cell potential (polarization test) 
 To determine how much of the liquid tin was accessible for oxidation in the cell, 
the cell’s voltage of cell 1, OCV of cell 2, and current drawn from cell 1 as a function 
of time at 700+800 °C were measured for about 15 hours and recorded every 5 seconds 
using data acquisition software (Agilent). Also, in order to investigate the anodic 
mechanisms of LTA+ICFC at medium+high temperatures, the cell 1’s potential was 
measured when the cell was connected to a constant external load set at 10 Ω. The 
results obtained from the experiments are shown in Figures 6.9, 6.10, and 6.11, 
respectively. Literature data indicate different oxygen solubility in tin at different 
temperatures. Using those solubility data from literature and data available from 
FactSage6.3 software, the time that oxygen is expected to be fully dissolved in the 
amount of tin available in the fuel cell have been calculated and presented in Chapter 3. 
According to the time expected to fully dissolve oxygen in the specified amount of 
liquid tin even when using a resistance as low as 10 Ω (see Chapter 3, Figure 3.7), 












Figure 6.9: Measured voltage and current of Cell 1 at constant load of 10 Ω and OCV 









Figure 6.10: Measured voltage and current of Cell 1 at constant load of 10 Ω and OCV 
of Cell 2 (Cell 2 current = zero), at 750 °C, as a function of time 
Figures 6.9+6.11 demonstrate that a steady+state discharge was attained after 3+4 
hours for all tested temperatures, indicating time that Sn[O](l) formation and dissolution 
rate at the tin/YSZ interface were equivalent. Once the external resistance was 
connected to the cell, the cell potential suddenly dropped from OCV and continuously 











Figure 6.11: Measured voltage and current of Cell 1 at constant load of 10 Ω and OCV 
of Cell 2 (Cell 2 current = zero), at 800 °C, as a function of time 
Small current drawn from cell 1 at steady+state were about 1.2 mA at 0.016 V, 
1.7 mA at 0.022 V, and 1.9 mA at 0.024 V at 700, 750, and 800 °C, respectively. 
According to these current and voltage data, the maximum power density obtained at 
steady+state, at the given load of 10 Ω, from cell 1 at 700, 750, and 800  °C, were 
equated to be around 2x10+5, 4x10+5, and 5x10+5 W, respectively. Interestingly, the 
Sn[O](l) formed at the tin//YSZ interface appears to be not homogenous and permanent 
because once the external load was disconnected the original OCV can be restored after 
a prolonged time.  
It can be seen that the electrolyte responds rapidly to the change in oxygen 
potential at the electrolyte/molten tin interface, suggested by the voltage drop in Figures 
6.9+6.11 as the circuit was closed and the oxygen was transferred across the electrolyte. 
The voltage drop is related to the amount of charge (Q) that had been drawn from the 
cell. The oxygen amount that had been transferred into the liquid tin, calculated from 
the amount of charge at each individual temperature, were 5.02 x 10+5 (Idrawn=19.39 
Coulombs), 5.09 x 10+5 (Idrawn =19.63 Coulombs), and 4.58x10
+5 (Idrawn = 17.69 
Coulombs) mol [O2+] at 700, 750, and 800 °C, respectively. The differences in the 
amount of current drawn from the cell were due to slightly different timings of 
experiments in 6.1.2.3, while a similar resistance of 10 Ω was used.   
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The theoretical OCV in Figures 6.9+6.11 were calculated using Nernst’s 
equation and the amount of current drawn (Q), which was related to the amount of 
oxygen transferred into the liquid tin. After the resistance was removed at 
approximately 15 h, the total amount of oxygen dissolved into liquid tin at each 
temperature was calculated. Activities of oxygen were employed instead of the oxygen 
concentration in the Nernst’s equation to calculate the theoretical OCV from 15th+h 
onwards at 700, 750, and 800 °C. In addition to the voltage of cell 1 under load 
conditions and cell 2 OCV, the theoretical OCV corresponding to the total amount of 
oxygen that was transferred into the liquid were also included in the Figures 6.9+6.11, 
shown above.   
The voltage and current decayed slowly after 4 hours and remained constant as 
long as the circuit was closed for ~15 hours. After 15 hours, the external load was 
disconnected from cell 1 and the measured current of the cell became zero. The cell1’s 
voltage abruptly rose and then started to increase slowly toward the OCV. The potential 
of the cell 1 reversed to its OCV or about 0.005 V lower than the initial OCV for all 
testing temperatures.  
The rate of improvement for the cell1 voltage was high, 0.34 V in the first 2 
hours after disconnecting the cell to the resistance, and then was slow down at 17th+20th 
h. This helps explain the effect of total ohmic loss of the cell since there was a sudden 
change after the external load was unleashed. Additionally, at all temperatures of 
measurements, there were apparent plateau of the voltage plots that can be observed 
when the cell recovering to its OCV. The plateau/shoulder regions of cell 1’s voltage 
were analysed by modelling work for all temperatures and concluded to be a result of 
mainly mass transport loss and charge transfer resistance due to the accumulation of 
Sn[O(l)]x barrier at the YSZ/LTA interface. The results and details of the modelling 
work on this voltage+line behaviour are presented in 6.2.3.3 EIS analysis section. 
In consideration of observing decay of polarization at resistance of 10 ohms at 
the desired temperature, the time required was usually 4 hours although an additional 
11+12 hours was usually required to demonstrate attainment of a steady cell potential. 
Another 7+10 hours was essential for recovering the cell OCV. A resistance employed 
from a decade box was sufficiently low to enable the passage of current to allow the 
oxidation of tin at the YSZ electrolyte surface to be constant within a reasonable period. 
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The designated resistance, however, was sufficiently large to assist differentiating 
changes of the cell potential in order to accommodate data analysis and to minimise the 
total time involved. Further, the resistance used was in the range of resistances that the 
cell provided a maximum power output in the polarization curves of the initial tests. 
A second YSZ cell was used as a reference cell for observing a possible change 
of O2 amount dissolved in the liquid tin bulk. It can be seen that after approximately 24 
hours, the voltage of cell1 recovered to very close to the OCV. But the cell 2’s voltage 
slightly declined for merely 0.02 V or lower and the voltage of cell 2 are also displayed 
in Figures 6.9+6.11.  
When the potential of the working cell decreased from OCV to a nonzero steady 
state, the current decayed to virtually zero at the given load and showed almost stable 
values. The current did not decay to zero because the Sn[O](l) forming at the LTA/YSZ 
interface may be simultaneously dissolving away in the liquid tin, and thereby having 
an incomplete oxidation of the whole tin bulk.  
Upon removal of the YSZ electrolyte from the liquid tin after a set of 
polarization tests, a white precipitation was found covering some parts of the 
electrolyte. The SnO2 particle was physically removed from the surface of YSZ when 
the electrolyte was taken out of the reactor for the next experiments. Energy+Dispersive 
X+Ray Spectroscopy (EDS) of the white powder indicated the SnOx phase, as shown in 

















Figure 6.12 (b): an example of EDX spectra of the sample shown in Figure 6.12 (a), 






Figure 6.12 (c): an example of EDX spectra of the sample shown in Figure 6.12 (a), 
acquired from in Spectrum 4 
 Based on the charge that constantly passed through the electrolyte during this 
time and the cell’s voltage observed, Sn reacted with [O2+] to mostly form Sn[O](l) at the 
YSZ/tin interface and some part of the tin oxide could be synchronously dissolving 
since the oxygen solubility limit was not reached for the whole system and the 
resistance used was not excessively low. 
The white particle of SnO2 shown in Figure 6.13 was a result of the air on above 
the surface of the liquid tin. Apart from the top surface, the rest of the liquid tin should 













Figure 6.13: Photograph of the surface of the molten tin after removal of the fuel cell 
assembly 
At open circuit condition, the voltage of the fuel cell is equivalent to the Nernst 
potential (EOCV). However, when the circuit of the fuel cell is closed and an external 
load is connected to the cell, current will begin to flow and a fast potential drop will 
exist across the internal resistance. The internal resistance, Rint, in this case stands for 
the overall internal resistance, which is assumed to be constant with the current but 
dependent on the operating temperatures. The steep initial decrease of the fuel cell 
voltage is attributed to the barrier for the flow of ions across the YSZ electrolyte and 
the charge/electron transfers at the electrodes/electrolyte interfaces. Therefore, the 
electrolyte and interfacial resistances can be combined as the internal resistance (Rint) 
and can be calculated using the Ohm’s law [30, 114] (Eq. (6.3)): 
                                           E7W = i8677. RS	                                                   (6.3)  
Noticeably, the resulting first voltage drop (Eloss) is strongly dependent on the 
value of Rint and the initial current. These Rint seem to have comparable magnitudes for 
all measuring temperatures but the small differences in the resistances are caused by the 
losses to the different amount of the materials used in each experimental set up, 
namely, the length of the lead+wires, the connections between the electrodes and the 
current collectors, etc. 
In spite of the set value of the decade box of 10 Ω, the actual load resistances 
resulted from the DC load box, which can be calculated from Eq. (6.4) [114]:  
                                                  i8677 = E8677R7WP                                            (6.4) 
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are slightly higher than 10 Ω. It is presumed to be due to the electronic resistance 
caused by the internal contact/interfacial resistance of the DC load box itself, which led 
to the overall load resistance of ≈ 12.3+12.4 Ω at 700+800 °C. The Eloss, Rint, and Rload at 
each operating temperatures are illustrated in Figure 6.14. The ohmic resistances due to 









Figure 6.14: Internal ohmic resistance of the fuel cell compared to ohmic resistance 
due to the YSZ electrolyte at (a) 700, (b) 750 and (c) 800 °C, respectively 
The results of calculated resistances (in Figure 6.14) acquired from the 
polarization tests at 700+800 °C whilst the current was starting to flow in the circuit 
unfolded that the overpotentials are mainly arisen not only from the YSZ ohmic 
resistance but are also caused by interfacial/contact resistances at different interfaces in 
the cell as well as electronic resistance at the electrodes.  
Apart from the ohmic losses (ƞohm), the actual cell voltage is decreased from its 
ideal potential as a function of time because of two other types of irreversible losses. 
These losses are typically referred to as the activation+related losses (ƞact) and mass+
transport losses (ƞconc). The causes of these losses are previously explained in the 
Chapter 3.  
Therefore, these multiple irreversible losses are investigated using the Rint (for 
ƞohm), i0 obtained from the Tafel plots (for ƞact), Ohm’s law, cell current (icell), cell 
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voltage, and Eloss, as a function of time. Activation polarization is again shown by the 
equation (Eq. (6.2)): 
ƞP8	 = RTαnF ln
i
ib 
in which the i0 and α are acquired from the Tafel plots. 
For ohmic polarization evolving as a function of time, the ohmic losses are 
calculated by the equation (similar to Eq. (6.3)): 
ƞWef = i8677. RS	 
where Rint is a combination of electronic, ionic, and contact resistance. Depending on 
the cell type, any of these components of the internal resistance can dominate the ohmic 
resistance. For instance, in a SOFC, the electronic bulk resistance usually dominate [30]. 
Finally, the potential difference produced by a concentration change at the 
electrodes, called the concentration polarization, ƞconc, is expressed as Eq. (6.5): 
                                                   ƞ8W8 = 
$L ln 1 − SS                                         (6.5)  
where iL is the limiting current, which is a measure of the maximum rate at which a 
reactant can be supplied to the cell.  
These three polarization overpotential regimes in the LTA+ICFC evolving as the 
cell was being connected to the constant external load at 700+800 °C are demonstrated 
in Figure 6.15 (a+c), respectively. The insets in each plot represent the total Eloss in the 





























Figure 6.15: Changes in the cell polarizations corresponding to the changes of the cell 







Regarding to Figure 6.15 (a+c), it can be seen that as the cell voltage fast 
decrease, the ohmic loss and the activation polarization decrease but the mass+trasport+
related loss becomes greater. The ohmic loss decrease as the cell current decrease 
according to the Ohm’s law.  
Nevertheless, while the activation polarization decreases and become near zero 
(ƞact ≈ 0) and the cell voltage evolves into steady state, the bulk diffusion seem to be 
prevailing electrode current+limiting mechanism because the mass+transport loss 
significantly increases, as a function of time. Additionally, at the ƞact ≈ 0, and the 
system is at equailibrium, the charge transfer resistance (Rct) can be computed from Eq. 
(6.6):  
                                              R8	 = 
$LS                                                    (6.6) [153]  
which resulted in Rct of 3.0, 2.8, and 2.6 Ω at 700, 750, and 800 °C, respectively.  
While the voltage of cell 1 was recovering to its OCV, an impedance spectrum 
was collected approximately every 10+30 min depending on the progress of the cell 1’s 
voltage. Toward the end of the impedance measurements at each temperature, the 
voltage of cell 1 increased fairly slowly. The impedance measurements were therefore 
collected at longer intervals because no changes were observed. In Figures 6.16+6.18, 
the legend represents the order of each cycle of an impedance measurement together 
with the time at which the measurement was conducted; corresponding to the time after 
the resistance was disconnected. 
The changes in impedance spectra in Figures 6.16+6.18 are presumed to be 
associated with the anodic reactions/processes since the pO2 in the cathode input stream 
was kept constant at 0.21 atm (air). According to literature [149], concentration 
polarization changes when the oxygen partial pressure (pO2) changes, especially when 
PO2 is lower than 0.01 atm a new arc would appear at low+frequency comparing to the 
same system running at PO2 from 0.001+1atm 
[149]. Several literature reports indicate 
that the impedance spectra in the low frequency range correspond to the change in pO2 
[149, 150]. But in this experiment, as explained earlier, the pO2 was kept constant whilst 
the cell was operating to avoid the effect of pO2 on the cathode side that could affect 
the impedance spectra. Therefore the changes of the impedance spectra measured after 
a complete cycle given in Figure 6.16 corresponded to the changes of the anode side i.e. 
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the formation of a SnO2 layer at the surface of the YSZ electrolyte, according to the 
oxidation of Sn, Eq. (6.7): 
                               Sn + 2O'& ↔ Sn[O](7 + 4e&                                      (6.7) 
These impedance spectra clearly showed the Warburg impedances, which indicate 










Figure 6.16: Impedance spectra of cell 1 at 700 °C after disconnecting the external 
load 
Figures 6.17+6.18 also demonstrate impedance spectra obtained from the cell1 
after the polarisation test was done at 750 and 800 °C. After completion of a 
polarisation experiment, the external load was unconnected, and the impedance spectra 
of cell1 were instantly measured and recorded periodically as same as at 700 °C at 
every 10 min at the first few hours and then every 20+30 min depending on the extent of 


































Small semicircles can be observed in the high+frequency range and the Warburg 
impedance can be seen in low+frequency range as a 45° line or less in the set of the 
impedance spectra. After 30 min of measurement, the spectra show that the diffusion 
polarisation was dominated. Whilst the cell voltage ascending back to closely below its 
OCV, the impedance spectra eventually became semicircle loops again with a smaller 
Warburg impedance. Since the diffusion polarization, to some extent, affected the 
developing characterization of cell voltage, the Warburg impedance of each spectra at 
different conditions were analysed using the Electrochemical Impedance Analyser 
(EIS) software. The calculated diffusion coefficients derived from the Warburg 
impedance from all measuring temperatures are subsequently presented as a function of 
time, in the EIS analysis section. 
The impedance spectra recorded at 3 points, which are extracted from the data 
in Figure 6.19, at 10 min, 81 min, and last point at 408 min are displayed in Figure 6.19 
for clarifying the trend of the impedance spectra at different stages. The lower 
frequency behaviour is believed to be related to anode interfacial polarisation at the 
electrolyte+liquid tin interface, as the changes of the spectra corresponded to the change 
of the cell voltage. The diffusion polarisation appears to be dominant during the middle 






















Figure 6.20:  Impedance spectra Cell 1 at 700, 750, and 800 °C before polarisation 
tests 
Figure 6.20 shows the impedance spectra of cell 1 before the polarisation tests. 
It exhibits that at 700 °C cell 1 has the highest non+ohmic loss. Despite the fact that the 
ionic conductivity of the YSZ electrolyte is higher at higher temperature, the ohmic loss 
at 750 °C shows a slightly lower value than that of 800 °C, probably owing to worse 
electronic connection of the silver wire and wool that were used as the cathode’s 
electronic connector. Nevertheless, the non+ohmic losses, determined from the 
difference between the low and high frequency intercepts were higher at lower 
temperatures, approximately 2.2, 1.0, 0.85 Ω at 700, 750, and 800 °C respectively. This 
is probably because of better ionic and electronic conductivity of the materials resulting 
in lower charge transfer resistances at higher temperatures.   
The impedance spectra obtained at 700+800 °C were used to fit with a proposed 
equivalent circuit in the next sub+section (6.2.3.3) in order to extract the parameters 
specifying the element relevant to the process occurring in the fuel cell. 
The impedance measurements in Figures 6.16+6.18 demonstrate that the 
changes occurring in the cell are associated with the anode since the air (oxidant) on the 
cathode side was kept flowing while the spectra change and the cell voltage was 
evolving. These results suggest that the increased resistance of the cell is due to the 
formation of a SnO2 layer – which is not a good ionic+conductor+ at the YSZ interface. 
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The oxidation of additional Sn is limited by transport of oxygen through this layer and 
this is seen in the impedance spectra with the occurrence of a significant Warburg 
effect. The cell voltage increased after disconnecting the cell load. The spectra can be 
divided briefly into 3 stages as follows: 
(1) less than 30 min: after completing the polarisation tests at R of 10 Ω a small 
semicircle can be seen with a low magnitude Warburg impedance  
(2) diffusion dominated region (30 min – 4 hours): the impedance spectra show 
significant Warburg impedance 
(3) after a prolonged time around >7 hours: whilst the cell voltage was 
recovering to its initial OCV, the impedance spectra only show a very small Warburg 
impedance but the spectra still exhibit 2 semicircles with difference diameters 
In addition to these 3 concluded stages in the impedance spectra results, there 
was a significant region of the cell 1’s voltage that showed the shoulder characteristics 
for all measuring temperatures.  These shoulder characters of the cell voltage occurred 
in the range of time that the impedance spectra showed the most dominating Warburg 
impedance. Accordingly, the slowing+ down stage of the cell voltage that generated the 
shoulder characteristics could be primarily the effect of diffusion polarization.  
To investigate the processes that dominate the anodic reaction in the LTA+ICFC 
causing lower electrochemical performance; (1) Berkeley Madonna software was used 
to model the series resistance (YSZ + Sn[O](l) surface deposited film) as a function of 
time based on the current density drawn from the cell: (2) EIS analyser is applied to fit 
the impedance spectra for three temperatures from 700+800 °C. 
Upon plotting voltage and current as a function of time where oxygen was 
passed through the electrolyte in to the liquid tin, the amount of oxygen added to the tin 
in terms of concentration [mol/s.cm2] are calculated using Faraday’s Law. The oxygen 
molar flux was input into the Berkeley Madonna software as the initial data for the 
modelling work. The reaction model for LTA+ICFC is presented in 6.3. 
 The equivalent circuit of the fuel cell conducted using data from the 
experiments above are presented in the next section (6.2.3.3). The approximate 
thickness of SnO2 formed at the YSZ surface and the resistances of the cell as a 
function of time are presented and discussed. 
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6.2.3 Electrochemical Impedance Spectroscopy (EIS) Analysis 
 The “best+fitted” equivalent circuit for the impedance spectra in Figures 6.16+6.18 is 
depicted in Figures 6.21.  
 
 
Figure 6.21: Corresponding equivalent circuit model for LTA+ICFC provided from EIS 
Spectrum Analyser 




tstart t measured 
Voltage 
[V] 
R1 R2 R3 Aw Y0,1 n1 Y0,2 n2 L1 
1 0.11 15.02 15.13 0.04 3.3 2.7 1.3 0.80 0.01 0.5 0.004 0.7 3E+06 
2 0.19 15.02 15.21 0.04 3.2 3.0 1.3 0.76 0.01 0.5 0.002 0.8 3E+06 
3 0.28 15.02 15.30 0.05 3.1 3.3 1.6 4.00 0.00 0.7 0.350 0.2 3E+06 
4 0.44 15.02 15.46 0.06 3.3 2.0 1.9 0.85 0.00 0.6 0.002 0.7 3E+06 
5 0.61 15.02 15.63 0.08 3.2 2.0 2.0 1.00 0.00 0.7 0.020 0.5 3E+06 
6 0.78 15.02 15.80 0.09 3.0 2.0 1.6 0.90 0.02 0.4 0.002 0.7 3E+06 
7 0.94 15.02 15.96 0.11 3.0 2.0 2.0 0.90 0.08 0.3 0.002 0.7 3E+06 
8 1.19 15.02 16.21 0.14 3.0 2.0 2.0 1.30 0.00 0.7 0.070 0.4 3E+06 
9 1.44 15.02 16.46 0.21 3.0 1.7 1.6 1.50 0.00 0.7 0.030 0.4 3E+06 
10 1.73 15.02 16.75 0.48 3.0 2.0 1.2 2.10 0.01 0.7 0.003 0.7 3E+06 
11 2.01 15.02 17.03 0.72 2.9 3.3 3.0 5.70 0.01 0.6 0.090 0.8 3E+07 
12 2.18 15.02 17.20 0.74 2.9 4.6 33.5 52.80 0.01 0.5 0.080 0.7 3E+06 
13 2.34 15.02 17.36 0.74 3.0 4.8 12.0 27.00 0.02 0.5 0.050 0.8 3E+06 
14 2.51 15.02 17.53 0.76 3.0 2.4 8.0 21.40 0.01 0.6 0.040 0.7 3E+06 
15 2.68 15.02 17.70 0.77 3.0 1.7 8.0 23.00 0.01 0.7 0.040 0.6 3E+06 
16 2.84 15.02 17.86 0.77 2.8 4.0 14.0 8.60 0.02 0.5 0.040 0.8 3E+06 
17 3.18 15.02 18.20 0.78 2.8 3.0 20.0 4.80 0.01 0.6 0.045 0.7 3E+06 
18 3.51 15.02 18.53 0.79 2.7 3.9 16.0 3.00 0.02 0.5 0.050 0.8 3E+06 
19 3.84 15.02 18.86 0.80 2.7 2.0 1.6 0.30 0.01 0.5 0.030 0.8 3E+06 
20 7.01 15.02 22.03 0.94 2.7 2.0 1.4 0.40 0.01 0.5 0.020 0.9 3E+06 
21 7.26 15.02 22.28 0.94 2.6 2.3 1.2 0.40 0.02 0.5 0.020 0.9 3E+06 
* The initial guesses for the iterative procedure are presented in Table appendix F. The 
non+linear regression results are listed in Tables 6.1+6.3. The best+fit parameter values 
shown in the Tables obtained within their overall associated uncertainties error of <2%. 
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tstart t measured 
Voltag
e [V] 
R1 R2 R3 Aw Y0,1 n1 Y0,2 n2 L1 
1 0.26 15.04 15.29 0.11 2.0 0.2 0.3 0.5 0.03 0.7 0.06 0.4 3E+06 
2 0.42 15.04 15.46 0.14 2.0 0.7 0.5 0.5 0.00 0.6 0.07 0.4 1E+05 
3 0.58 15.04 15.62 0.20 2.0 0.5 0.3 0.7 0.00 0.7 0.40 0.5 9E+06 
4 0.83 15.04 15.87 0.47 2.0 0.3 0.3 0.7 0.01 0.8 0.40 0.6 4E+06 
5 0.92 15.04 15.96 0.57 2.0 0.3 0.8 1.0 0.02 0.7 0.65 0.6 3E+06 
6 1.08 15.04 16.12 0.65 2.0 0.4 0.8 0.8 0.01 0.7 0.60 0.7 4E+06 
7 1.25 15.04 16.29 0.68 2.0 0.4 1.0 0.9 0.02 0.7 0.60 0.7 2E+06 
8 1.46 15.04 16.50 0.71 2.0 0.4 0.7 1.0 0.01 0.7 0.40 0.8 3E+06 
9 1.67 15.04 16.71 0.73 2.1 0.3 1.5 3.0 0.01 0.7 +0.50 0.6 3E+06 
10 1.83 15.04 16.87 0.74 2.1 0.7 1.6 1.6 0.10 0.4 0.40 0.4 3E+06 
11 2.04 15.04 17.08 0.76 2.0 0.7 0.6 3.0 0.10 0.4 0.20 0.8 3E+06 
12 2.21 15.04 17.25 0.80 2.0 0.7 0.6 3.8 0.04 0.5 0.10 0.8 3E+06 
13 2.38 15.04 17.42 0.85 2.0 0.8 1.0 11.0 0.10 0.4 0.10 0.7 3E+06 
14 2.54 15.04 17.58 0.87 2.0 1.0 5.0 30.0 0.02 0.5 0.07 0.7 5E+06 
15 2.71 15.04 17.75 0.88 1.9 1.6 10.0 29.0 0.06 0.4 0.08 0.7 5E+06 
16 2.79 15.04 17.83 0.89 2.0 4.0 12.0 20.0 0.10 0.4 0.07 0.8 3E+06 
17 2.88 15.04 17.92 0.89 2.0 2.0 5.0 13.0 0.07 0.4 0.05 0.8 3E+06 
18 3.04 15.04 18.08 0.89 2.0 6.0 9.4 6.7 0.14 0.4 0.07 0.9 3E+05 
19 3.21 15.04 18.25 0.90 2.0 5.0 1.0 5.0 0.10 0.8 0.01 0.6 6E+06 
20 3.54 15.04 18.58 0.90 2.0 5.0 1.0 4.0 0.10 0.8 0.02 0.5 6E+06 
21 3.88 15.04 18.92 0.91 2.0 5.0 1.0 3.4 0.07 0.8 0.02 0.5 6E+06 
22 4.21 15.04 19.25 0.91 2.0 5.0 1.4 3.0 0.07 0.9 0.04 0.5 6E+06 
23 4.88 15.04 19.92 0.91 2.0 5.0 0.8 2.0 0.07 0.8 0.01 0.6 7E+06 
24 6.71 15.04 21.75 0.91 2.0 1.0 0.9 0.8 0.03 0.8 0.05 0.5 3E+06 
25 6.84 15.04 21.88 0.91 2.0 0.9 0.8 0.7 0.03 0.8 0.06 0.4 3E+06 
26 7.00 15.04 22.04 0.91 2.0 0.8 0.8 0.4 0.04 0.8 0.03 0.5 6E+06 
27 7.34 15.04 22.38 0.91 2.0 0.7 0.8 0.3 0.03 0.8 0.01 0.6 6E+06 
28 7.68 15.04 22.72 0.91 2.0 0.7 0.6 0.2 0.03 0.5 0.03 0.8 3E+06 
29 7.85 15.04 22.89 0.91 2.0 0.9 0.5 0.1 0.03 0.7 0.10 0.4 3E+06 
30 8.00 15.04 23.04 0.91 2.0 0.7 0.6 0.1 0.08 0.5 0.09 0.5 3E+06 
The deconvoluted impedance parameters obtained from fitting the data in 
Figures 6.16+6.18 are listed in Tables 6.1+6.3. The resistances and other parameters 
corresponding to each physical process are presented in Figure 6.21. In Tables 6.1+6.3, 
there are various dependent variables of each individual Equivalent element in the 
circuit. These variables can be explained as follows: 
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• Y0,1 and Y0,2 are the capacitance of CPE1 and CPE2 , respectively 
• n1 and n2 are n+value of the capacitance of CPE1 and CPE2, 
respectively. 
• Aw is the Warburg coefficient of W1 





tstart t measured 
Voltage 
[V] 
R1 R2 R3 Aw Y0,1 n1 Y0,2 n2 L1 
1 0.2 15.4 15.5 0.03 3.2 0.2 2.6 0.4 0.70 0.2 0.80 0.6 3.6E+06 
2 0.4 15.4 15.8 0.07 3.3 0.3 2.2 0.6 0.10 0.7 1.00 0.7 8.4E+06 
3 0.5 15.4 15.9 0.08 3.2 0.4 1.4 0.2 0.50 0.5 1.00 1.0 3.0E+06 
4 0.7 15.4 16.0 0.13 3.0 0.6 1.3 0.3 0.60 0.5 1.00 1.0 3.0E+06 
5 0.9 15.4 16.2 0.19 2.9 0.9 1.5 0.5 0.50 0.4 0.80 1.0 3.5E+06 
6 1.0 15.4 16.4 0.46 3.4 0.6 1.8 1.1 0.30 0.6 0.50 1.0 3.5E+06 
7 1.2 15.4 16.5 0.60 2.9 1.1 2.1 2.7 0.20 0.6 0.30 1.0 3.5E+06 
8 1.4 15.4 16.7 0.62 3.3 1.5 3.0 11.7 0.05 0.6 0.07 0.9 5.0E+06 
9 1.5 15.4 16.9 0.65 2.7 2.4 3.8 28.0 0.10 0.4 0.07 0.8 3.5E+06 
10 1.7 15.4 17.0 0.66 2.9 5.0 8.0 7.4 0.08 0.5 0.08 1.0 3.4E+06 
11 2.0 15.4 17.4 0.68 2.6 6.2 9.0 3.3 0.10 0.4 0.10 0.9 3.5E+06 
12 2.2 15.4 17.5 0.68 2.7 5.3 3.0 0.9 0.20 0.4 0.10 0.8 3.5E+06 
13 4.0 15.4 19.4 0.73 2.7 2.5 2.0 0.8 0.10 0.5 0.10 0.8 1.4E+06 
14 5.0 15.4 20.4 0.79 2.0 1.0 0.6 0.3 0.02 0.3 0.02 0.8 5.0E+06 
15 5.5 15.4 20.9 0.87 2.3 1.0 0.3 0.2 0.04 0.2 0.04 0.8 3.7E+06 
16 6.0 15.4 21.4 0.88 2.4 1.0 0.3 0.2 0.06 0.2 0.02 0.9 3.6E+06 
17 6.5 15.4 21.9 0.89 2.4 0.6 0.3 0.2 0.10 0.2 0.02 0.8 3.6E+06 
18 6.8 15.4 22.2 0.89 2.5 0.3 0.5 0.2 0.26 0.2 0.02 0.7 3.4E+06 
 
It is likely that the inductance is the results of ~40+50 cm of unshielded Ag wire 
and wool that is used as lead to the cathode. The average inductance of apparatus at 
700, 750, and 800 °C are 3x10+6, 5.5x10+6, and 4x10+6 Henry, respectively, which are 
probably varied due to the variation of the length of Ag wire and the amount of Ag 
wool used. The relationship between the inductance of an inductor and the length 
and/or number of turns of the material used can be expressed in the following equation: 
                                             L = ÈÈ³[^7                                                   (6.8) [151] 
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where L is the inductance in henries (H), p0 is permeability of free space = 4π.E
+07 H.m+
1, pr is relative permeability of core material, N is number of turns/number of wire 
wraps, A is area of cross+section of the coil in square metres (m2), and l is the length of 
the coil in metres (m). In addition to the dimensions of the coil (Ag wire) used, coil area 
(as measured at the cross+section of the core and core material (which is, in this case, 
SS316) factors can also affect the inductance created [152]. But since the SS316 with 
1/8” o.d. was always used as the core, these latter factors were then ignored. Unlike 
inductance of a conductor material, the resistance seems to be more influenced with 
operational temperatures; for example: silver’s temperature coefficient is 0.0038 Ω/°C 
[151]. Therefore, temperature may not be expected to affect the inductance as much as 
the resistance of the cell. 
From the results in Tables 6.1+6.3, the R1 component is assigned to the ohmic 
resistance. The parallel combination of R2Q1 that appears as a semi+circle at the high+
frequency region is ascribed to the kinetic or charge transfer resistance, based on the 
fact that R2decreased when the operating temperature was raised. This is because the 
kinetics of O2 reduction is faster at higher temperature 
[149].  
 The ohmic loss in this fuel cell at 700+800 °C was higher than expected from 
the RYSZ values for the 1.6 mm electrolyte (0.36, 0.23, and 0.16 Ω at 700, 750, and 800 
°C, respectively), possibly due to poor electrical connections of the silver lead wire and 
wool and electronic and contact resistances of the cell’s components. Impedance data 
presented previously demonstrated that the ohmic resistance of the cell remained 
unchanged after completing the polarization test but the non+ohmic resistance increased 
dramatically (as can be seen at the impedance spectra measured while the cell voltage 
was recovering to its OCV in Figures 6.16+6.18), because of the barrier to diffusion of 
the oxide ions from the electrolyte.  
As the first combination of the circuit elements is attributed to the charge 
transfer resistance, the second combination of circuit elements is attributed to the 
presence of mass transport losses, while the 45° line (i.e. Warburg element) is due to 
















Figure 6.22: Evolution of resistances in the LTA+ICFC as a function of voltage 
recovering time at 700 °C in air. Assignments of the three resistances are provided in 
the text 
The results in Figures 6.22+6.24 illustrate that R1 is invariant with the measured 
recovery time in comparison to R2 and R3 which show significant variations in line 
with the relative changes of the cell voltage after removal of the load at 700+800 °C. In 
the caption of Figures 6.22+6.24 and Figures 6.26+6.28, the displayed cell voltage refers 











Figure 6.23: Evolution of resistances in the LTA+ICFC as a function of voltage 
















Figure 6.24: Evolution of resistances in the LTA+ICFC as a function of voltage 









Figure 6.25: Ohmic resistance plotted as a function of time from 700+800 °C and 
compared to the resistance caused by the YSZ electrolyte at the corresponding 
temperature 
As shown in Figures 6.22+6.24, all the resistances R1, R2, and R3 decreased 
when the temperature increased. However, R1 presented in Figure 6.25 at 700 °C 
appear to be close to that at 800 °C, which can be explained as a result of poor 
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electronic connection of the lead wire, which similarly affected the impedance of the 
cell measured before the polarisation test (see Figure 6.20). 
A resistance, R2, is caused by a single kinetically controlled electrochemical 
reaction, Eq. (6.6). Considering the liquid tin in contact with the YSZ electrolyte the 
2O2+ transferred across the YSZ electrochemically dissolve into the liquid tin forming 
Sn[Ox](l) and 4e
+ charge is being transferred. The charge transfer reaction has a certain 
rate. The rate depends on the kind of reaction, the temperature, the concentration of the 
reaction products and the potential [153].  
When the overpotential, η, is very small and the electrochemical system is at 
equilibrium, the express for the charge transfer resistance is given as shown in Eq. 
(6.6): 
                                                R8	 = 
$LS                                                         (6.6) 
where Rct is the charge+transfer resistance, which is equivalent to Rct, R is molar gas 
constant, T is absolute temperature, n is the number of electron involved in the reaction, 
and i0 is the exchange current. Extracting from the model, R2 or Rct, can be used to 
calculate the exchange current density for cell 1 at 700+800 °C. The R2 values at 700+
800 °C are presented as a function of operational time in Figure 6.26. The exchange 
current at different conditions are calculated and plotted in Figure 6.27 showing the 




















Figure 6.27: The exchange current density calculated from Rct at 700+800 °C 
The mass transport resistances at different temperatures, R3, plotted as a 
function of operational time are presented in Figure 6.28, with corresponding cell’s 
voltages on the 2nd y+axis. As the voltage was recovering close to their initial OCV at 
each temperature, there was a slower increasing rate of the cell voltage region observed 









Figure 6.28: Variation of mass transport resistance due to Sn[O](l) film as a function of 
after+resistance+removed time at 700+800 °C 
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It is clearly seen that the mass transport resistance is the major cause for slowing down 
fuel cell’s voltage in recovering mode when the fuel cell is operating in the battery 
mode. 
The formed Sn[O](l) layer is assumed to be the barrier for charge+transfer 
processes and a cause of the mass transport loss. It is useful to estimate the thickness of 
the Sn[O(l)]x film as a function of time at each temperature by calculating the 
capacitance, Y0,2, obtained from the model. Since the tin+oxide, SnO2, is assigned as the 
reaction product formed as a dielectric layer at YSZ/liquid tin interface, Y0.2 or the 
capacitance, C, of CPE2 can be considered the capacitance of the dielectric layer. The 
equation for capacitance of the oxide film is then given as: 
                    C = É³É^                                               (6.9) [153]  
where C is the capacitance = Y0,2 listed in Tables 6.1+6.3, 
εo is permittivity of free space (NIST calls it simply the “electric constant”) = 8.854x10
+
12 F.m+1 [154],  
εr is dielectric constant (relative electrical permittivity) = 12.5 [+] 
[155], 
A is surface of the YSZ electrolyte = 23.14 cm2, and 
d is the thickness of Sn[O](l) layer to be calculated.  
Eq. (6.9) is then used to calculate the thickness of the oxide layer as a function 
of time. The results are presented in Figure 6.29. A support for this assignment is 
further provided by the n values of Q2 which are close to unity [150, 153] (>0.75) where 
the impedance spectra contain ~45° contours.  The Sn[O](l), like many other oxide 
phases which have no activity for oxygen reduction behaves like an ideal capacitor to 
























Figure 6.30: Capacitance of CPE2 plotted as a function of time at 700+800 °C 
When the Sn[O](l) film was formed, the capacitance of the fuel cell coincidently 
evolved. The capacitance of the oxide film is one part of the capacitance in the system.  
Apart from that, the space charge regions (between Sn[O](l) and the liquid tin) where 
the SnO2 dissociates can also be considered as another part of the capacitance, i.e. Yo 
of CPE1. But only the capacitance of CPE2 in the proposed equivalent circuit can be 
used to calculate the estimated thickness of the oxide layer. Therefore, the capacitances 
made up of the Sn[O](l) film part, YO,2, from 700+800 °C are presented in Figure 6.30. 
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The results show that the capacitance is higher at higher temperature [156], which could 
be expected since the oxygen solubility at 800 °C is higher than at 700 and 750 °C 
leading to thinner layers of tin oxide (as can be explained for the results in Figure 6.29) 
but higher concentration of tin concentration at the LTA/YSZ interface thereby higher 
capacitance. Furthermore, the thickness of the Sn[O](l) film appeared to be significantly 
low (especially after an hour from disconnecting the external load) because while the 
OCV of the cells were returning to its original values the SnO2 film is expected to be 
dissolving in the liquid tin, hence very low thicknesses as shown in Figure 6.29. 
Nevertheless, the resistance R3 decreases as the temperature increases, which 
corresponds to an increase in mass transport rate of Sn[O](l) product or oxide ions from 
the YSZ/liquid tin interface as the diffusivity of oxygen in liquid tin is higher at higher 
temperature. The diffusivity of oxygen in liquid tin obtained from [109, 157] is plotted 
in Figure 6.31. Two lines plotted in Figure 6.31 show different DO values obtained from 
similar experimental procedures but carried out by two different groups of researchers 
The inset equations are represented the DO as a function of temperatures, which were 














It was claimed that DO(Sn) obtained by Ramanarayanan et. al.
 [109] could contain 
some discrepancies of the data from Shinya et. al. [157] because a correction was not 
made for oxygen that was possibly released from the electrolyte due to a very long time 
experiment. However, these two DO equations were still used, for comparison, to 
calculate the oxygen concentration, CO (mol.cm
+3) in this work from 700+800 °C using 
AW from the EIS fitting.  
The analysis of the Warburg impedance (W1) from the impedance spectra are 
described as follows. The results of R3 and the calculated thickness of SnO2 at different 
temperatures support the conclusion that the reaction processes at the high+frequency 
arc (R2Q1) are related to the electrochemical oxidation of liquid tin on the anode side 
that is hindered by the SnO2 film. It is because the resistance R2 increases when R3 
increases. The charge+transfer process is then more difficult when the oxide ions are 
struggling to dissolve in liquid tin and thereby lowering the charge+transfer rate. 
Despite that, the values of the resistance R2 at temperature 700+800 °C does not 
significantly decrease as the temperature increases showing that the kinetics of the 
reaction 6.7 probably cannot be enhanced by increasing the temperature from 700 to 
800 °C if the SnO2 layer exists.  
As illustrated in Figures 6.16+6.18, the impedance is dominated by the diffusion 
of oxide ions through tin oxide; therefore, it is necessary to identify the actual oxygen 
concentration at LTA+YSZ interface that hinders the transport of oxide ions in the 
liquid tin and increased the potential loss of the fuel cell. This actual oxygen 
concentration can additionally be used to estimate designated fuel feeding rates. 
To analyse the Warburg impedance (W1) from the impedance spectra: 
After approximately 0.5 h of disconnecting from the resistor, the impedance 
spectra show the clear presence of a Warburg impedance, which corresponds to the 
diffusion of oxide ions diffusing through the SnO2 layer. Impedance created by 
diffusion is called Warburg impedance, which is dependent on the frequency of the 
potential perturbation. The Warburg+impedance at low frequencies is higher than at 
high+frequencies because the reactants have to diffuse farther [153]. In the LTA+ICFC, 
the Warburg+impedance could be a result of the diffusion of oxide ions through 
YSZ/LTA interface and tin oxide layer.  
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The equation for “infinite” Warburg impedance is [153, 158]: 
                                     ZÊ = σω&Ì(1 − j                                                   (6.10) 
in which ω is radial frequency, σ is the Warburg coefficient obtainable from fitting the 
impedance spectra to the equivalent circuit, [Ω.s+0.5]. In the EIS analyser used the σ is 
represented as AW. 
The general expression of the Warburg element and its impedance can also be 
written as  
                                              ZÊ = σ(iω&Ì                                           (6.11) 
[159] 
where 
                                           σ = 	 
$L^ . %=v√y                                           (6.12) [159] 
CO and DO represent the oxygen solubility and diffusion coefficient of the oxide ions, A 
is the electrode area, n is the number of electrons involved in the reaction, F is the 
Faraday constant, and R is molar gas constant, and T is absolute temperature.  
Using, the Warburg coefficient, AW (σ in Eq. (6.11)), obtained from fitting the 
impedance spectra to the equivalent circuit for W1 (given in Tables 6.1+6.3), and Do 
calculated from [109] and [157], CO can be computed from Eq. (6.12). The CO results 
are then compared to maximum oxygen solubility in the liquid tin re+calculated from at+
%O or wt+%O provided in literature [146]. The results of CO that applied 2 different DO 
from 2 different references [109, 157] are presented in Figure 6.32 as a function of 
temperature. 
Because the oxygen solubility in liquid tin at higher temperature is higher, the 
solubility at 800 °C is expected to have the highest value. By using the Aw (Warburg 
coefficient), obtained from fitting the W1 element in the proposed equivalent circuit, to 
calculate the actual oxygen concentration in the tin, the calculated oxygen 
concentrations presented as a function of temperature from 700+800 °C are displayed in 
Figure 6.32. The black line with the legend “CO, literature” is plotted using the 
maximum oxygen concentrations obtained from literature at 700, 750, and 800 °C. The 
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plot was used to compare the actual oxygen concentration at the LTA/YSZ interface 









Figure 6.32: Oxygen concentration calculated from Eq. (6.12) plotted as a function of 
temperature using Aw (σ) from EIS fitting and DO values calculated from [109] and 
[157], respectively 
The actual minimum concentration of tin oxide/oxygen ions (where the AW is 
highest) in liquid tin that was detected at 700, 750 and 800 °C are 4.8+7.2x10+9, 8.4x10+
9+1.2x10+8, 9x10+9+1.3x10+8 mol.cm+3, respectively. This confirms that operating the 
LTA+ICFC at higher temperature is more suitable to prevent the formation of Sn[O](l) 
that causes the higher mass transport loss. Not only is the mass transport resistance 
decreased by operating at higher temperature, but the ionic resistance also shows lower 
values leading to better performance of the cell.  
To analyse the effect of oxygen diffusion coefficient on the recovering cell 
voltage, the oxygen concentration (CO, mol.cm
+3) and Aw (σ) from EIS fitting, were 
employed in Eq. (6.12) and the results were illustrated as a function of time in Figures 
6.33 (a+c). It is significant to note that the CO applied in Eq. (6.12) at each temperature 
were acquired by integrating the overall amount of oxygen passed through the YSZ 
electrolyte into liquid tin for possible better accuracy results than using the maximum 
oxygen solubility, as the oxygen solubility throughout liquid tin were not reached. CO 
values at different temperatures were computed using the measured current density and 






















Figure 6.33: (a) Calculated DO at 700 °C plotted as a function of time with 
corresponding voltages (b) Calculated DO at 750 °C plotted as a function of time with 
corresponding voltages and (c) Calculated DO at 800 °C plotted as a function of time 






In Figure 6.33 (a+c), both minimum DO (mol.cm
+3) and maximum DO can be 
arranged as 700<750<800 °C. These results of the DO reveal supporting statement for 
R3 (Figure 6.28), which is represented the mass transport resistance, that at higher 
temperatures oxygen ions are easier to transport across the oxide barriers and hence 
lower R3 at 800 °C. For that reason, Figure 6.33 (c) displays higher DO values for the 
entire measuring times than DO in Figures 6.33 (a) and (b). 
Additionally, they also exhibit that the cell voltages change corresponding to the 
oxygen diffusion coefficient in the way that in the beginning of shoulder+like region of 
the cell voltage plots, the DO values were tending to decrease. This can be implied that 
the difficulty in transportation of oxygen ions through oxide barriers causes the slower 
increasing rate of the cell OCV. 
 
6.3 Oxygen+transfer Reaction Model 
A model has been developed to account for the interface reactions at the 
YSZ/Sn interface and to describe the time dependent growth and dissolution of the 
evolving Sn[O](l) film at that interface. The model for the reactions in Figure 6.34 is 
based on the individual interface reactions at the different electrodes and the oxygen 
transfer across the cell; these processes are accounted for as follows: 
1. Oxygen reduction on the cathode side 
2. Oxide ion transfer across the YSZ electrolyte  
3. Liquid tin is reduced at electrolyte+liquid tin interface, forming Sn[O](l) or a 
solid SnO2 phase 
 
Table 6.4: Dimensions of the YSZ electrolyte used 
O/D YSZ I/D YSZ Thickness YSZ (mm) 














Figure 6.34: Oxygen Transfer Reaction Model 













700 4.11E+03 4.0E+00 6.68E+03 5.99E+04 0.12m 
750 4.11E+03 4.0E+00 6.68E+03 5.99E+04 0.12m 
800 4.11E+03 4.0E+00 6.65E+03 6.02E+04 0.12m 
 
Reaction 1: 
O2   2[O
2+] + 4e+  or 
                                        Ñ1 = `86776LX	. , mol [O2+].s+1.m+2                                                                 (6.13)  
When Ñ1 is flux of O2+ passing across the YSZ, and  jcell = icell/A. 
Reaction 2: occurring at the electrolyte/liquid tin interface 
Sn(l) + 2[O
2+](l)   SnO2 + 4e
+ 
                                     Ñ2 = (	.^	  , mol SnO'.s+1. m+2                                  (6.14)  
and  
Ñ(
	   is SnO2 forming rate (mol [SnO'].s+1) at a given current density at the 





From mol = RÏÊ 
Molecular weight (MW) of SnO2 is (118.7 of Sn) + (2x16 of O) g.mol
+1 = 150.7 g.mol+1 
and density of SnO2 f(T) =  ρ' =	 fPW7Qf6, (g/dm3) 
Volume of SnO2 = V(SnO' = 	fW7	(.%wb.½z´v   ; ρSnO2 f(T) 
Hence,   Ñ2 = (fW7	'^.	 = (/^		 . ½%wb.  
When A is the reactive surface area on the outside YSZ electrolyte, m2 
Since       V = L. A, (m3) 
and L is SnO2 layer thickness or length, m  
                                           [Ñ2]. %wb.½z´v 	= 	 (/^	 = (	   .…......................(6.15) 
Since the resistance,   R = ¸z´v.^ ;  
where σSnO2 f(T) is the conductivity of SnO2 
                                                   


	 = %¸z´v.^ . (	    ……………..............(6.16) 
Substituent  
(
	  by [Ñ2]. %wb.½z´v    in *2 


	 = %¸z´v.^ .[Ñ2]. %wb.½z´v 
Hence      


	 = %wb.¸z´v.^.½ . [Ñ2]  …..…………(6.17) 
We assume that the transfer of SnO2 from the YSZ/tin interface into a well+mixed or 
homogeneous molten tin therefore the process of SnO2 or Sn[O](l) dissolution layer into 






Table 6.6: The electrical conductivities of porous SnO2, by
 Jong+Heun et. al. [148] 
Temp ln σ [Ω+1.cm+1] σ 
700 +10 4.5E+05 
750 +9.25 9.6E+05 













Sn[O]2(l)    Sn(l) +2[O](l) + 4e
+  
Analyzing diffusion with mass transfer coefficients requires assuming that 
changes in concentration are limited to that small part of the system's volume near its 
boundaries. For example, in the absorption of one gas into a liquid, we assume that all 
gases and liquids are well mixed, except near the gas+liquid interface. 
(rate of mass transfer) = k (interfacial area) (concentration difference) [160] 
Hence, 
  Ñ3 = kf8 ∗ 	A	 ∗ 	 {[O]|b − [O]|{}         
                                          Ñ3 = kf8 ∗ A	 ∗ 	Δ[O](7                                                 (6.18) 
where Ñ3 is the flux at the interface or the dissolution rate of Sn[O](l) to obtain [O](l) 
dissolving in Sn(l) in moles/m




coefficient of [O](l) in Sn(l), m/sec which can be calculated from the data obtained from 






Figure 6.36: Measured current and voltage of cell 1 (using 10 Ω) and OCV of cell 2 at 






Figure 6.37: : Measured current and voltage of cell 1 (using 10 Ω) and OCV of cell 2 






Figure 6.38: Measured current and voltage of cell 1 (using 10 Ω) and OCV of cell 2 at 
800 °C, with He used 
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As mentioned previously that He gas was used in another series of polarisation 
tests, the impedance spectra obtained from the system measured after the resistance 
(Figures 6.39+6.41) was disconnected show substantial differences compared to Figures 
6.16+6.18. As a result, the impedance spectra cannot be used to fit the equivalent circuit 
in Figure 6.21 in order to extract the constants and parameters, as done for the 
experiments without He gas. This was because the impedance spectra of the system 
when used He agitating gas showed erratically different contours, which were not able 
to be fit into the Software, because the agitation caused by the gas evoked the 
fluctuations/instabilities of cell resistances. However the results in Figures 6.39+6.41 
obtained from polarisation tests using He gas for agitating the system to reduce the 


























Figure 6.41: Impedance spectra of cell 1, 800 °C, after disconnecting the external load 
The calculated thickness (dLSnO2/dt) of tin oxide when the resistance was 
connected and current was being drawn for both cases of using gas assisted agitation 
and without gas are illustrated in Figures 6.42+6.43. And the calculated resistances 











Figure 6.42: Rate of SnO2 formation ((	  no He used, calculated from data 















Figure 6.43: Rate of SnO2 formation ((	  using He, calculated from data 











Figure 6.44: Rate of the resistance changes caused by SnO2 film (


	  calculated 
from data obtained from BM software at different conditions 
Figure 6.45 shows the schematic drawing of the fuel cell where all the 
resistance lies. The changes of SnO2 thickness on the YSZ/LTA interface calculated 













Figure 6.45: Projection of the closed+one end tubular design of the LTA+ICFC system 
to a 1D axisymmetric modelling domain 
 The current density data from experimental results were used to calculate molar 
flux of oxygen, N1, which was later used as the initial value for the software. The 
accumulated thickness of the oxide layer after the polarisation tests at 700, 750, and 









Figure 6.46: Estimated thickness of oxide ions (Sn[O](l)) layer (load on) calculated 











Figure 6.47: Estimated thickness of oxide ions (LSn[O(l)]) layer (load on) calculated 
from experimental results using BM software at 700+800 °C, He used 
Figures 6.46+6.47 show accumulated thickness of oxide ions, LSn[O](l) (see 
Reaction 2) as current was continuously drawn from the cell and O2+ was passed into 
the liquid tin (see Reaction 1). The estimated thickness of Sn[O](l) shown in Figures 
6.46+6.47 represent the possible maximum thicknesses of the tin oxides at the 
electrolyte surface as a function of time; if the formation of oxide ions occurred without 
the synchronous dissolution of the Sn[O](l). These growing thickness of Sn[O](l) can be 
supported by the rate of reaction 2 (RXN2) and reaction 3 (RXN3), which are presented 
in Figures 6.48+6.49, that at the same time with the formation of the tin oxides, there is 
also the dissolution of the oxide occurring. But as be seen the large differences between 
the rate of reaction 2 and reaction 3 in the plots that the rate of the latter reaction 
exhibits considerably lower values. The data of RXN2 and RXN3 at different 
conditions can support the rising trend of the thickness of the tin oxide that the steady+
state of tin oxide formation was not reached within the carried out experimental times, 
as the RXN2 does not in equivalent to the RXN3 at any point of the operating time.  
 From this point of view, the reason that the steady+state of the tin+oxide 
formation was not obtained can probably be concluded that: 
(1) According to the theoretical oxygen solubility at each temperature and 
considering the amount of the tin used at all conditions, enormous amount of oxide ions 
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can still be further added into the liquid tin and hence high rate of formation of tin 
oxide, compared to rate of dissolution of the oxide 
(2) Rate of formation of tin oxide is far greater than the rate of dissolution of 
tin oxide at all operated conditions. This is probable because fairly low external load 
was used and hence the large oxygen+feeding flux.  
(3) When He gas was applied in the cell to facilitate the dissolution process of 
tin+oxide, the dissolution rate of tin+oxide does not show different values than the other 
set of experiment, without He. It could be because the RXN3 was already substantially 
low in the experiment in which no He was used (~3x10+9 for all temperatures). 
Therefore, the steady+state of tin oxide thickness can still not be acquired because 
RXN3 was not massively enhanced. 
Figures 6.48 and 6.49 illustrate the rate of formation of the Sn[O](l) film 
(RXN2) and the rate of  dissolution of the oxide in the liquid tin at 700, 750, and 800 











Figure 6.48: Comparisons of rate of formation and dissolution of oxide ions, Sn[O](l), 













Figure 6.49: Comparisons of rate of formation and dissolution of oxide ions, Sn[O](l), 
at 700+800 °C, He used 
According to the analysed data presented in Figures 6.42+6.43 and 6.46+6.49, it can be 
concluded that: 
• Usage of the inert He gas was assumed to enhance the dissolution rate of 
the tin oxide It was however not seen as expected it was probably because the liquid tin 
still has the ability to contain the tin oxide for both experimental set+ups (using and not 
using He gas). This led to already low values of RXN3 for the fuel cell without He 
used. As a consequence, using He gas did not show capability to enhance the rate of 
dissolution of the tin oxide.  
• In this work the oxide ions that were formed close to the electrolyte were 
assumed to not be in solid+state as can be supported by the fact that: (1) OCV can be 
recovered without any fuels: (2) by calculating the current passed across the YSZ 
electrolyte into the liquid tin the O2 solubility was not reached: and (3) the thickness of 
oxide ions (LSn[O](l)) plotted in Figure 6.29, calculated from impedance spectra fitting 
using EIS, show decreasing trend after the external load was released and the OCV was 
recovering. This implies that the oxide products formed can be dissolved in the liquid 
tin after a period of time although any fuels were not employed. 
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• Because the steady+state of the tin+oxide formation was not observed in the 
implemented experiments this could be a good indication that the fuel cell can operate 
for significantly longer than 15 h without interruption (with the load of 10 Ω), even 
when the RXN3 was relatively low. Moreover, several fuel cells may be able to add 
into the system to stack up or lower external loads might be able to apply to harvest 
larger power output considering this amount of LTA. 
• The thickness of the oxide layer appeared to be constantly increasing as the 
cell was connected to the external load. This could be explained by the fact that the rate 
formation of the Sn[O](l) (RXN2) exhibited rather higher values than the rate of 
dissolution of the Sn[O](l) (RXN3) at all elevated temperatures. (see Figures 6.48+6.49).  
• After the load was disconnected, calculated LSn[O](l) from EIS is 
substantially smaller than calculated LSn[O](l) using BMM from recorded Current and 
Voltage from the cell. This was assumed to happen because the calculated LSn[O](l) from 
i+V data did not take the rate of dissolution of the Sn[O](l) layer into account. Also, 
LSn[O](l) results from impedance spectra (Figure 6.29) were considered in the diffusion 
zone, and calculated using the actual resistance due to the Sn[O](l) and the capacitance 
that was created by the oxide layer. This should make LSn[O](l) values from EIS fitting 
are more closer to the actual value of forming Sn[O](l) layer rather than using LSn[O](l) 
value from i+V data. Nonetheless, the LSn[O](l) obtained from i+V data can still be 
applied to estimate the possible maximum thickness of the tin oxide and to observe the 
rate of the formation and dissolution of the oxide layer as a function of time. 
• Even though the stage of recovering voltage was found to be sluggish at the 
plateau/shoulder regions, from the EIS fitting, it was reassured that mass transport loss 
is the major loss to the fuel cell in battery mode. If a fuel is used in order to reduce the 
oxide products the plateau regions of fuel cell voltage in recovering stage should not 
exist. 
 
6.4 LTA+ICFC’s Long+Term Stability at High Temperatures 
Because fuel cell performance and efficiency are not only important technical 
challenges for the development of the LTA+ICFC, but also stability and durability of 
the fuel cell itself for ensuring the scaled+up operations for commercial applications 
that should also be considered. Consequently, fuel cell operational times and 
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temperatures, and OCVs corresponding to the elevated temperatures were recorded and 
discussed. 
A number of experimental runs for OCV, cell performance measurements, the 
polarisation tests were conducted using the same electrolyte as many times as possible 
in order to investigate: (1) fuel cell’s life time/durability, and (2) fuel cell’s long+term 
stability which implies to the ability of the YSZ electrolyte to recover the original 
performance/OCV. Three YSZ electrolytes were employed for the LTA+ICFC and were 
operated at several heating+up, cooling+down, and long+time experimental cycles. The 
results obtained are exhibited in Figure 6.50.  
In Figure 6.50, three fuel cell operating times are presented on the x+axis at 
different temperatures, which are shown on the 1st (left) y+axis. The OCVs of these 3 
fuel cells measured at the fixed temperatures are presented on the 2nd (right) y+axis.  
As can be seen from the plots in Figure 6.50, the cell voltages (all the dash+
lines) offered very stable values that correspond to the theoretical OCV at each 
temperature (presented in Chapter 3). For example, considering OCV of the 1st YSZ 
(purple dash+line) at 9th+h at 800 °C, its OCV was 0.90 V and at 178th+h at the same 
temperature the cell OCV still presented 0.89 V. The results from the other two YSZ 
cells can be read similarly and showed considerably stable OCVs as did the 1st YSZ 
cell. Apart from the fuel cell stability, the minimum time of a YSZ fuel cell that could 
operate continuously was for 225 h (9 days) and the other two cells operated for 309 h 
(13 days) and ~373 h (~16 days), respectively. 
To sum up, the typical working hours of a fuel cell used in this work were 
approximately for 2+3 weeks before rupture. Regarding to the data exhibited in Figure 
6.53, the YSZ electrolytes survived a number of continuous immersions at high 
temperatures in liquid tin and temperature cycles without affecting their performance 
dramatically, as considered from their OCVs. And the fuel cell also showed vital 
durability, considered from fuel cell’s operational times. 
 Since these results have shown a significant long term stability that imply 
sufficient mechanical and chemical strength for high+temperature operations for the 
LTA+ICFC. This should indicate that the compatibility with liquid tin of the YSZ 
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electrolyte and its notable properties would provide a promising future for the LTA+











Figure 6.50: Average YSZ cell life time conducted several temperature cycles from tin 
melting point up to 800 °C in liquid tin 
 
6.5 Conclusion from the EIS spectrum analyser and the 
model of LTA+ICFC 
The 1+D oxygen transfer model is correlated with experimental data in order to 
determine, the average ohmic resistance, the maximum overall resistance at 
experimental conditions, concentration of tin oxide through liquid tin at the given 
external load and temperatures, estimated thickness of tin oxide at the LTA+YSZ 
interface, the exchange current at the LTA/YSZ interface, the capacitance due to the tin 




 The charge+transfer resistance did not show considerable differences at 3 
different operational temperatures. This can be implied that the charge+transfer 
resistance is not the rate+limiting step of the transport processes of the fuel cell.  
 The increase of the Warburg impedance at the same time as the resistance 
R3 suggests that the rate+limiting step for the LTA+ICFC in recovering mode is the 
diffusion of the oxide ions through SnO2 layer resulting in the mass transport loss.  
 The increment of mass transport lost (R3) of the cell causes slow increase 
of the cell’s voltage over the voltage from 0.7+0.8 V at 700, 750, and 800 °C as can be 
seen in Figures 6.9+6.11 and Figures 6.36+6.38, at the 17th+h approximately. The mass 
transport loss is therefore used to explain these phenomena of the deformity of the cell 
1’s voltage in the recovery mode.  
 The concentrations of tin oxide reported in this work (see Figure 6.32) are 
not the saturated concentration of tin oxide in liquid tin. Nevertheless, the results 
provide the concentration of tin oxide which is a result of liquid tin being bounded by 
the YSZ saturated with O2+ ions (or Sn[O](l)). The data also indicate that there is an 
increase in the concentration of tin oxide as the temperature increases and the results of 
calculated thickness of tin oxide, LSn[O](l), in Figure 6.29 is lower at higher 
temperatures. It is because oxygen solubility limit is higher at higher temperatures. The 
capacitances derived as part of the tin oxide layer shown in Figure 6.30 support that at 
higher temperature the tin oxide layer is thinner owing to the higher capacitance 
indicating more tin ions available for the dissolved oxygen. This can be supported by 
the calculate results in Chapter 3 stating the time that is needed, for different values of 
the external loads used, to allow a complete dissolution of the oxygen into the liquid 
tin.  
 In accordance with the results from both the experimental data and 
modelling, it can reassure the concept of the LTA+ICFC that provides several 
advantages including the protection of the damage of the YSZ by contaminants in 
carbonaceous fuels or other available fuels because the LTA with dissolved oxygen can 
be transferred to an external combustion reactor to oxidise the fuel in liquid state 
without solid products formed in the electrochemical reactor (when the maximum 
oxygen solubility is not reached). The transfer of the LTA contained dissolved oxygen 
in liquid state would facilitate continuous operations of the LTA+ICFC.  
 The power density provided from the LTA+ICFC can also be enhanced by 
using thinner electrolyte or increasing the temperature.  
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 As it can be seen from the results in Figure 6.50, liquid tin does not appear 
to produce an extremely corrosive environment to YSZ.  
 Although when the impedance measurements were being conducted the He 
gas was temporarily switched off shortly before the measurement was done, the system 
was interrupted and might not be thoroughly in steady state. It is because the tin oxide 
film agitated by the gas and the tin oxide was probably migrating within the liquid tin. 
Accordingly, the system was not sufficiently stable for the whole period of time for an 
Impedance measurement.   
 Regardless of the impedance spectra obtained from the gas+agitated LTA+
ICFC, the oxygen+transfer modelling results acquired by using the experimental data in 
Figures 6.9+6.11 and 6.36+6.38 with Berkeley Madonna software, were used to 
calculate the changes of thickness and overall resistances of the cell as a function of 
time from 700+800 °C. The results of dLSn[O](l)/dt and dR/dt in Figures 6.42+6.44 
illustrate that there was no significant differences between the rate of formation of the 
tin oxide between using He and without He gas when operating on a resistance of 10 Ω. 
This could be because the oxygen dissolved in the liquid tin in the former condition 
(with He) was notably low, and the agitation induced by the gas could not show any 
impact on the thickness of the tin oxide. 
 The formation of a tin oxide layer on the electrolyte due to the low 
dissolution rate of the formed oxide (RXN3) in the bulk of the liquid metal is the major 









Conclusions and Recommendations 
 
This chapter presents the main conclusions extracted from the theoretical 
calculations, experimental results and 1+D modelling work of the LTA+ICFC. The most 
significant findings at the end of each chapter are summarized in order to emphasize the 
important achievements. The quantitative and qualitative conclusions of the created 
model of the LTA+ICFC for its anodic processes corresponding to the proposed 
electrochemical circuit are included. The possible extensions that could be useful in 
developing the designs and operations of the LTA+ICFC are also suggested at the end 
of this chapter. 
 
7.1 Major Conclusions and Achievements 
7.1.1 Conclusions 
7.1.1.1 Experimental findings for LTA+ICFC performance improvement 
♠ Power output: Theoretical computed Nernst potentials for the liquid tin 
anode from 700+800 °C from literature data and theoretical software FactSage6.3 reveal 
stronger dependency of the Nernst potential on temperature than on the oxygen activity 
in the liquid tin. Varying gas phase compositions at the anode or the cathode can be 
used to adjust the cell Nernst potential (to increase power output), but by an almost 
insignificant amount because the voltage varies logarithmically with partial pressures.  
 Regarding to the I+V polarization characteristics of the LTA+ICFC tested from 
700+800 °C presented in Chapter 6, the maximum power output was achieved at an 
external+load resistance of ~5+20 Ω. The peak powers demonstrated that the internal 
resistances of the fuel cell at 700+800 °C are approximately between 5+20 Ω. This 
assumption is made according to Ohm’s law [101, 114]: 
V8677 = I8677R7WP and Power	(P = I8677V8677 
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where the current (Icell):  I8677 = 
E 




which shows that when the Rinternal = Rexternal+load  the maximum power output will be 
obtained equal to P = E(¬
Yl· 
Consequently, the polarization curves will allow fuel cell developers to be able 
to extract the maximum power output from the fuel cell, and therefore employ the fuel 
cell more efficiently. Moreover, it is useful to determine the fuel conversion 
efficiency,ε = SlEmlS²³´µm, at the maximum power is obtained. The fuel conversion 
efficiency, ε = SlEmlS²³´µm, should then be taken into account in terms of to minimise the 
amount of wasted fuels and to maintain good fuel utilization to match the reaction rates 
(current density). 
♠ Minimisation of Ohmic losses: The total ohmic polarization includes 
electronic, ionic, and contact resistance. From the experimental point of view, the 
Ohmic losses can be potentially curbed by: (1) Improvement of the cathode composite 
characteristics, such as by increasing the homogeneity of the coated cathode using 
larger volumes of the electrolyte to facilitate the coating process. The delamination of 
the sintered cathode should also be halted,so that the electronic resistance  dwindles. (2) 
Reduction of the YSZ thickness to decrease the ionic resistance from the flow of ions in 
the electrolyte, and (3) enhancement of the connections between the lead wires and the 
cathode, the cathode materials and the YSZ electrolyte, and the anode current collector 
and the liquid tin anode to diminish the contact resistance. 
7.1.1.2 The feasibility of the concept of an indirect carbon+air fuel cell
 Analysis of the electrochemical experimental results using Electrochemical 
Impedance Spectrum analyzer (EIS) and Berkeley+Madonna (Modelling and analysis of 
dynamic systems)software has been carried out to identify the main causes of the losses 
in the LTA+ICFC under working conditions at 700+800 °C. 
 Analysis of the Impedance spectra using an equivalent circuit modelled 
in EIS: The EIS was used to fit the Impedance spectra to a proposed equivalent circuit 
(EC). Each impedance spectrum was integrated with the estimated parameter values 
computed using each spectrum database. The parameter values of each impedance 
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spectrum were then input into the EC to extract the actual electrochemical and physical 
parameters of the circuit’s elements. Next, the circuit elements were analyzed and 
interpreted to identify the major losses corresponding to the electrochemical processes 
in the LTA+ICFC. The prevailing polarizations of the LTA+ICFC at different operating 
conditions were compared using these extracted parameters and their related physical 
components. From this it was found that the mass transport+related losses or the 
concentration polarization are the major losses in the LTA+ICFC when operating in the 
absence of a fuel. 
Modelling and analysis of the LTA+ICFC system using Berkeley+Madonna 
(BM): The results of the local concentration of tin oxide ions at the YSZ/LTA interface 
calculated from the BM software have shown a negligible thickness of tin oxide. 
Regarding the amount of oxygen ions passing into the liquid tin at the given load and 
time, SnO2(s) should not be formed as the oxygen solubility does not reach the 
maximum value. In conjunction with the thickness estimated from the impedance 
spectra using EIS, this demonstrates “non+permanent” attachment of the tin oxide ions 
at the YSZ/LTA interface determined by its fluctuation as a function of time. 
Consequently, the estimated thicknesses of the tin oxide layer computed at different 
conditions using the concentration of the tin oxide (obtained from the BM),can 
probably only bea result of liquid tin being bounded by the O2+ ion+saturated YSZ. 
Fuel cell power and performance: A number of fuel cells can conceivably be 
stacked+up to generate higher power from the system, and the thickness of the 
electrolyte can be lessened to improve fuel cell performance. With the same amount of 
liquid tin used and the same reactor dimensions, it is possible to acquire up to 0.5 W of 
power if 6 fuel cells with a thickness of 1.0 mm are employed. This rough estimate was 
calculated using the maximum power output obtained from the i+V polarization results 
combined with the Ohm’s law: 
Power	(P = (I'. R7WP and  I = 
E 
P%.wff =  




Where P%.wff	and	P%.bff are the power of the fuel cell with  electrolyte thickness of 
1.57 and 1.0 mm respectively, The dominant internal resistance is typically due to the 
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We have:   P%.bff = P%.wff. (1.57' 
From which the power output of a stacked+up fuel cell has been estimated. 
 Materials of construction for LTA+ICFC: High+density, +temperature and 
+purity alumina ceramic shows properties that are promising for use as the LTA+ICFC 
electrochemical reactor. Metals, on the other hand, encountered several corrosion 
problems, but to some extent have better physical properties in terms of flexibility and 
machinability, and sometimes are cheaper than ceramic materials. Therefore in 
additional to high+temperature ceramic materials, metals or alloys might still be useful 
in the construction of the electrochemical reactor. The metals will have to be carefully 
selected using the thermodynamics properties database and the liquid metal anode used 
only at the specified operating conditions, especially with regard to the partial pressure 
of the oxygen in the liquid anode and temperature. If the metals/alloys can be 
successfully included as the liquid metal container, it would simplify the construction 
of the LTA+ICFC and thereby lowering the cost of production. 
 LTA+ICFC system’s activeness: The exchange current density values 
of the system at 700, 750, and 800 °C are 3x10+6, 3.4x10+6, and 4x10+6 A/cm2, 
respectively, and the transfer coefficients are approximately 1x10+4 for 700, 750, and 
800 °C. For the LTA+ICFC, it can be seen that the j0 values at 700, 750, and 800 °C are 
small, which indicates the activity of the material at these temperatures. In other words, 
the electrodes of the LTA system appear to be very active. Since the transfer coefficient 
(α) is the portion of applied energy (overpotential) that is used to change the rate of 
cathodic reaction (see Eq.  (3.9) in Chapter 3) it can be concluded that the forward 
reaction of Eq. (3.9) is easily activated. This conclusion can also be supported using the 
Bulter+Volmer equation, exhibiting that when the value of the transfer coefficient is 
very low, the forward rate of reaction is much higher than reverse rate of reaction. From 
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this point of view, the liquid tin showed desirable properties as an anode taking part as 
the oxygen intermediary for the fuel cell. 
7.1.2 Achievements 
7.1.2.1 Design and construction of reactor and components 
♠ LTA+ICFC electrochemical reactor designs and constructional 
materials: The most promising design for the LTA+ICFC found in this work is the 
relatively simple but sturdy reactor comprising a one+piece liquid metal container. The 
fuel cell components were able to be adjusted to match the dimensions of the reactor. 
The high+density and high+temperature alumina ceramic reactor was able to operate at 
high temperatures for more than 1,750 h (~73 days), during which a number of long+
term experiments were conducted. The most practicable set up of LTA+ICFC assembly 
consisted of cathode+coated (supported) YSZ electrolytes, a graphite rod current 
collector, three alumina tube gas+inlets, and a SS tube gas+outlet, which are assembled 
on/through the SS316 top+flange of the reactor. 
♠ Electrolyte for LTA+ICFC: Closed+end tubular 10 mol+%YSZ was 
selected as the electrolyte of the LTA+ICFC because it has high ionic conductivity as 
well as high chemical, and thermal stability. The YSZ electrolyte showed acceptable 
stability working under a number of heating and cooling cycles at high temperatures, 
with an average life cycle of >360 h.  
♠ Cathode composites and cathode current collector: A number of 
attempts to obtain the optimised cathode formulations that provide the cathode with 
relatively high conductivity have been undertaken. For the tubular cathode+supported 
LTA+ICFC, 1 layer of 70 wt+% diluted LSM/YSZ and 2 layers of 30 wt+% diluted LSM 
were sintered at 1100°C, for 3 h (at the maximum temperature)after a 3 °C/min ramp, 
which gave the optimum properties of the cathode functional layer and cathode current 
collector layers. The area specific resistance (ASR) of this cathode composite+current 
collector was ~7E+04 Ω.cm+2. 
♠ Choice of eutectic metal anode material: Pb, Bi, Pb+Bi eutectics and Sn 
were tested in the preliminary electrochemical experiments. However, the experimental 
results showed that liquid tin is substantially more feasible and practicable to be 
employed as the liquid anode for the LTA+ICFC in terms of its higher given cell 
performance, lower toxicity, slower oxidation rate with air, and also relatively low 
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melting point. Therefore, tin has been used for the entire course of fuel cell testing and 
characterizations. 
♠ Liquid tin anode+electrolyte interaction: As the experimental results have 
shown, from the significant long+duration stability of the fuel cell performance and with 
no corrosion observed at the YSZ surface due to liquid tin, the YSZ has been proven to 
contain sufficient mechanical and chemical strength for high+temperature operations 
and is compatible with the liquid tin anode. 
7.1.2.2 Performance of the constructed LTA+ICFC 
 The fuel cell (with surface area of 23.14 cm2) achieved acceptable 
output of 0.02, 0.025, and 0.03 W at 700, 750, and 800°C, respectively, when operating 
in “battery” mode. This is an improvement on the fuel cell using an YSZ oxygen sensor 
with the thickness of 2 mm. It was found that, at 800 °C, the maximum power density 
obtained from the fuel cell was increased from 0.4 mW.cm+2 to 1.3 mW.cm+2 when the 
thickness of the YSZ electrolyte was decreased from 2.0 mm to 1.57 mm. 
 Using 4 kg of liquid tin and the dimension of the system constructed, the 
fuel cell can continuously operate in a battery mode at 800 ºC and a resistance of 10  
for ~30 h. This calculated operational time only considers the resistance of the external 
load and the resistance of the YSZ electrolyte. If either the actual resistances caused by 
the other factors such as the activation polarisation and the mass+transport loss as well 
as contact resistances were taken into account, or a higher resistance was used (such as 
100 ), the LTA+ICFC would be able to operate un+interruptedly for substantially 
longer hours, i.e. >300+1,500 h. 
 
7.2 Recommendations for the fuel cell development 
 Based on the results from the four+point probe measurements and SEM 
micrographs of the cathode composites (LSM+YSZ) and cathode current collectors 
(LSM), it was suggested that an attempt to improve cathode properties leading to higher 
cell’s performance should focus on increasing the continuity and homogeneity 
 The thickness of the YSZ used in this work was ~1.7 mm. In order to 
acquire higher cell’s performance by reducing Ohmic loss, the reduction of the YSZ 
thickness should be considered, but it may decrease the fuel cell mechanical strength.  
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 Wettability between the liquid metal anode and the YSZ electrolyte should 
be studied and possibly improved, since it could to some extent help decrease the 
contact resistance of the fuel cell  
 Alternative molten metals or eutectic alloys that can be used as the anode 
should always have high oxygen solubility in order to prevent the formation of oxide 
products at the electrolyte/liquid anode interface, as this would lower the cell 
performance. They should also have a low melting point to shorten the start+up time. 
Additionally, they should possess oxidation thermodynamics characteristics that results 
in high OCV for good performance. 
Considering the predicted data of the Nernst potential for liquid tin (at 
maximum oxygen solubility), it was clearly seen that at the external load used within 
the operated times, the actual oxygen concentration in the liquid tin had not reached the 
maximum solubility. This observation was supported by the reference’s cell voltage 
reading close to its OCV. So, SnO2(s) should not form at any point in the experiments. 
However, with no fuels used tin+oxide ions could develop at the YSZ/LTA interface 
and decrease the fuel cell’s performance. Accordingly, to minimise the formation of the 
tin+oxide layer at the interface, an inert gas may be introduced into the system with a 
decent flow rate to help agitate the system and accelerate the dissolution of the tin 
oxide. It is therefore fundamentally feasible to make improvements to the performance 
of LTA+ICFC by minimising the formation of the tin+oxide layer at the YSZ/LTA 
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A  Area                                                                                                                           m2 
a  Specific surface area of the porous electrode                                                       m2 m−3 
c  Concentration                                                                                                      molm−3 
C  Celsius                                                                                                                            – 
E  Potential                                                                                                                       V 
F  Faraday constant                                                                                               As mol−1 
G  Gibbs energy                                                                                                       J mol−1 
H  Enthalpy                                                                                                              J mol−1 
I  Operating current                                                                                                          A 
i  Current                                                                                                                          A 
j  Current density                                                                                                        Am−2 
L  Length                                                                                                                          m 
M Molar mass                                                                                                     kg kmol−1 
NA  Avogadro number                                                                                                      – 
P  Pressure                                                                                                                  Nm−2 
p  Partial pressure                                                                                                           bar 
P  Power                                                                                                                          W 
R Resistance                                                                                                                Ohm 
R  Universal gas constant                                                                                  JK−1 mol−1 
S  Entropy                                                                                                                J mol−1 
T  Temperature                                                                                                                 K 
V  Voltage                                                                                                                        V 
x  Molar fraction                                                                                                               – 





µ  Overpotential                                                                                                               V 
η  Polarisation loss                                                                                                           V 
Φ  Efficiency                                                                                                                     – 
ø  Ohmic loss                                                                                                                   V 
¶  3.141                                                                                                                             – 
ρ  Density                                                                                                                  kgm−3 
σ  Electrical conductivity                                                                                            Sm−1 
\ Delta                                                                                                                              – 
∑ Sigma             
                                                                                                                – 
Superscripts 
o  Standard state                                                                                                                 – 
air  Air                                                                                                                               – 
an  Anode                                                                                                                          – 
ca  Cathode                                                                                                                        – 
eff  Effective                                                                                                                     – 
 
Subscripts 
air  Air                                                                                                                               – 
an  Anode                                                                                                                          – 
ca  Cathode                                                                                                                        – 
conc  Concentration                                                                                                          – 
H2O  Water                                                                                                                        – 
H2  Hydrogen                                                                                                                    – 
O2  Oxygen                                                                                                                        – 
p  Partial pressure                                                                                                          atm 
T  Temperature                                                                                                                 K 
Ref  Reference                                                                                                                  – 






$/MMBTU (dollar/1 million BTU (British Thermal Unit)) 
1 MMBtu = 28.263682 m3 of natural gas at defined temperature and pressure 























fugacity (f): A measure of the tendency of a gas to escape or expand, used in 
calculations of chemical equilibrium. Fugacity (fi) is the pressure value needed at a 
given temperature to make the properties of a nonideal gas satisfy the equation for an 
ideal gas, i.e. fi = γiPi, where γi is the fugacity coefficient, and Pi is the partial pressure 
for the component i of the gas. For an ideal gas, γi = 1 
[B.1+B.4]. 
For a closed system, the Gibbs energy is related to pressure and temperature as follows 
[B+4]: 
                                                     dG = VdP + SdT                                                     (B.1) 
For a constant temperature process, 
                                                    dG = VdP  at constant T                                         (B.2) 
For an ideal gas,  
                                                      dG = 
$s dP                                                            (B.3) 
                                                    dG = RTd ln P  at constant T                                  (B.4) 
This expression by itself is strictly applicable to ideal gases. However, Lewis, in 1905, 
suggested extending the applicability of this expression to all substances by defining a 
new thermodynamic property called fugacity, f, such that: 
                                                     dG = RTd ln f      at constant T                             (B.5) 
This definition implies that for ideal gases, ‘f’ must be equal to ‘P’. For mixtures, this 
expression is written as: 
                                                    d  = RTd ln fi    at constant T                              (B.6) 
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where and fi are the partial molar Gibbs energy and fugacity of the i+th  component, 
respectively. Fugacity can be readily related to chemical potential because of the one+
to+one relationship of Gibbs energy to chemical potential, which we have discussed 
previously. Therefore, the definition of fugacity in terms of chemical potential 
becomes: 
For a pure substance, 
                                         d ln f = 	 È
$ = πr'   at constant T                                     (B.7) 
                                           lim f = P  (ideal gas limit)                                                (B.8) 
For a component in a mixture, 
                                           d ln i = 	 È
$   at constant T                                             (B.9) 
                              lim	fS = Þßà = partial pressure (ideal gas limit)                         (B.10) 
The fugacity coefficient (Φi) is defined as the ratio of fugacity to its value at the ideal 
state. Hence, for pure substances: 
                                                        Φi = Cs                                                               (B.11) 
and for a component in a mixture,    
                                                       ΦS = CTs                                                             (B.12) 
The fugacity coefficient takes a value of unity when the substance behaves like 
an ideal gas. Therefore, the fugacity coefficient is also regarded as a measure of non+
ideality; the closer the value of the fugacity coefficient is to unity, the closer we are to 
the ideal state. 
Fugacity turns out to be an auxiliary function to chemical potential. Even 
though the concept of thermodynamic equilibrium which we discussed in the previous 
section is given in terms of chemical potentials, above definitions allow us to restate the 
same principle in terms of fugacity. To do this, previous expressions can be integrated 
for the change of state from liquid to vapour at saturation conditions to obtain: 
P      0 
P      0 
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                                                  â ã ln äßåæ = %çèâ ãμßåæ                                              (B.13) 
                                             ln äß(å − ln äß(æ = %çè (éß(å −	éß(æ	                         (B.14) 
For equilibrium, μS(7 = μS(, hence, 
                                                         ln[ C(êC( ] = 0                                                     (B.15) 
Therefore: 
                                                     fS(7 = fS(; i = 1, 2, … nc                                   (B.16) 
For equilibrium, fugacities must be the same as well! This is, for a system to be 
in equilibrium, both the fugacity and the chemical potential of each component in each 
of the phases must be equal. Conditions (B.14) and (B.15) are equivalent. Once one of 
them is satisfied, the other is satisfied immediately. Using μS(7 = μS(   or  fS(7 =















C.1 Calculation of >EOCV 
For example, at 800 °C; applying Eq. (3.54) for Sn(l) + O2(g)  ↔  SnO2(s) : 





                                         ∆G°&	= +3.59×105  J/mol    (obtained from FactSage6.3)                                      
                                        
∆°z´­z´v¬L = 0.929	V 
Therefore,                                  E[ = 0.929 + .%¬w%(%b¬(ëì¬ ln(0.21  
                                               =  0.893V 
At any other operating temperatures, the theoretical OCV can be calculated similarly 
and the results are shown in Table C.1.  
Table C.1: Nernst potentials calculated from  600+1,000 °C 
T [K] ENernst, V ENernst, V ENernst, V ENernst, V 
873.15 (600°C) 0.997 1.003 1.007 0.807 
923.15 0.969 0.973 0.978 0.804 
973.15 0.942 0.943 0.950 0.800 
1023.15 0.914 0.914 0.921 0.797 
1073.15 0.887 0.884 0.893 0.794 
1123.15 0.859 0.855 0.865 0.790 
1173.15 0.831 0.825 0.837 0.787 
1223.15 0.804 0.795 0.809 0.783 
1273.15 0.776 0.766 0.782 0.780 
Data of \G(T) 
from 





C.2 Calculation of oxygen activity from maximum solubility in liquid 
tin 
Converting from atomic percentage of oxygen (at+% [O]) to activity of oxygen in liquid 
tin (a[Ol]Sn) is exhibited as follow (the results are shown in Table C.2). 
For example, at 800 °C (1073 K);  
C.2.1 Conversion of at+% O to mole fraction of oxygen [C.1] 
In Sn+O system, at 800°C at+% O is 0.1010 [109], mole fraction of oxygen can be calculated as: 
Weight of 0.1010 O atom  
 = 0.1010× atomic weight of O / Avogadro’s Constant 
 = (0.1010 × 15.999[C.2])/ 6.022 × 1023 mol+1 
  = 2.68 × 10+24 atomic mass units 
Weight of 99.90 Sn atoms  
 = 99.90 × atomic weight of Sn / Avogadro’s Constant 
 = (99.90× 118.71[C.2]) / 6.022 × 1023 mol+1 
  = 1.97 × 10+20 atomic mass units 
Therefore, wt+% of O  
  = 
'.ì	×	%b	­¨
('.ì	×	%b	­¨	¶%.ë	×	%b&'b	 	× 100%               = 0.00136% 
and hence 99.999 wt+% Sn 
Next, consider a sample of 100 g of Sn+0.0196 at+% O: 
Mole of O 
  = 
b.bb%ì
%w.ëëë	   = 0.00085 mol 
Mole of Sn 
  = 
ëë.ëë
%%.%  = 0.8423 mol 
Consequently, mole fraction of O = 
b.bbbw
(b.bbbw¶b.¬' = 0.0001 
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C.2.2 Conversion of mole fraction of O to a[O]l,Sn 
At 800 °C, ρSn is 6.65E
+03 kg.l+1, and tin used is 4 kg.  
Therefore,                                                V = fz´½z´   
      = 6.02E+04 L 
From           a = γ[O] 
where aO is activity of oxygen, γ is activity coefficient of oxygen dissolving in liquid tin 
[110] 
ln γ = 7.25 − í21,401.7T î 
γ = e.'w&n'%,¬b%.$ o 
γ = 3.06E&bì 
and                                          [O] = fW76	COP8	SW	WC	WTR6z´  
 a = 3.06E&bì.  b.bbb%ì.b'­¨	 
Hence       
a = 5.16E&bì 


























809.15 0.0010 1.02E+05 6.83E+03 5.86E+04 1.75E+02 4.57E+09 7.97E+11 
873.15 0.0040 4.03E+05 6.78E+03 5.90E+04 6.83E+02 3.19E+08 2.18E+09 
923.15 0.0103 1.03E+04 6.75E+03 5.93E+04 1.73E+01 1.20E+07 2.09E+08 
973.15 0.0238 2.38E+04 6.72E+03 5.96E+04 4.00E+01 3.96E+07 1.58E+07 
1023.15 0.0508 5.08E+04 6.68E+03 5.99E+04 8.49E+01 1.16E+06 9.84E+07 
1073.15 0.1010 1.01E+03 6.65E+03 6.02E+04 1.68E+00 3.07E+06 5.16E+06 
1123.15 0.1890 1.89E+03 6.61E+03 6.05E+04 3.13E+00 7.47E+06 2.33E+05 
1173.15 0.3352 3.35E+03 6.58E+03 6.08E+04 5.51E+00 1.68E+05 9.28E+05 
1223.15 0.5672 5.67E+03 6.55E+03 6.11E+04 9.28E+00 3.55E+05 3.29E+04 
1273.15 0.9210 9.21E+03 6.51E+03 6.14E+04 1.50E+01 7.05E+05 1.06E+03 
 
C.3 Calculation of >Eequilibrium. 
The relation between the oxygen partial pressure and the EMF across the electrolyte is 
E6ïQS. = RT4F ln r
pO'	a[O7]u 
Where E and a[Ol]Sn are the EMF and the activity of oxygen at the metal/electrolyte 
interface, respectively.  
Since a[O7] can be calculated from the activity coefficient, γ, of oxygen in the liquid 
tin as expressed in the equation as follows [110]: 
ln γ = 7.25 −	'%,¬b%.$                           
And              a[O7] 	= γ[O] 
where [O] is mole fraction of oxygen per unit volume of the liquid tin, and T is absolute 
temperature.  
For instance; at 800 °C, 
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ln γ = 7.25 −	21,401.71073  
Hence,         γ = 3.06 × 10+6 
We obtain mole fraction of oxygen from oxygen solubility from [109] as presented in 
appendix C.2. Additionally, tin volume, VSn is calculated from 
V = mρ  
where mass of tin used, mSn, was 4kg, and ρ = 7374.7	– 	676.5 × 10&(T , kg.m+3 
Therefore, V = 6.02	 × 10&¬ (at 800°C) and a[O7]	= 5.16 × 10+6, respectively. 
Then substituent a[O7]	into E6ïQS. = 
$¬L ln g V	P[]z´p 
E6ïQS. = .%¬w%(%b¬(ëì¬ ln g b.'%w.%ì	×	%b­ðp =	0.245 V 
(At any other operating temperatures, the results can be calculated similarly but the 
results will be varied according to oxygen solubility applied.) 
 
C.4 Time available for saturated Oxygen concentration in liquid tin  
When a load is applied to the cell, non equilibrium exists and a current flows. 
The current passed or produced by the cell in a given amount of time is directly 
proportional to the amount of product formed (or reactants consumed) [as expressed by 
Faraday’s law in eq. (3.18) and (3.19)], which are recalled here: 
                                                    i = Z	 = nF [	                                                       (3.18)                                      
     j = dN = nF	 n%^ . [v	 o = nFJ                                          (3.19) 
In this case, the rate of electrochemical reaction or the oxygen transfer flux is given by: 
     nÑv	 o = `L		                          (3.21) 
Additionally, according to Ohm’s law (V=IR, the current drawn from the cell can be 
adapted and is expressed by [114]: 
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I8677 = E[6O	RS	6OP7 +	R7WP 
where RS	6OP7is, in this case, the YSZ electrolyte ionic resistance, δ is the thickness of 
the electrolyte, and Acell is the reactive area of the YSZ electrolyte. 
If the ionic conductivity of an electrolyte is given as σ, the total resistance is, 
RS	6OP7 = {¸.^EΩ 
For example: at 800°C and the external load connected to the cell is 10 ohms: 
RS	6OP7 = 0.157	cm(0.043	S. cm&%. (23.14	cm' 
               = 0.16 Ω 
Then, ENernst at 800 °C is obtained as shown in Table C.1 from reference [108]. 
We will have     	I8677 = b.ë	(b.%ì¶%b	Ω = 0.0880 A 
Then,                                                 nÑv	 o = .b%	^.f
­
¬(ëì¬  
nÑv	 o = 9.85	 × 10&w      mol of [O] .s+1.m+2     
And hence O2 solubility at 800 °C is 0.024 mol:                                                                             
     time	[s] = b.b'¬fW7'.'%b­ò	fW7.­Ì 
Therefore,           















Appendix D:  







Figure D.1: a hollow circular cylinder [D.1] 
 
Surface Area (SA),  Outer Lateral 
SA = 2. π. R. h 
 
Surface Area (SA),  Inner Lateral 
SA = 2. π. r. h 
 
Surface Area (SA),  Total Lateral 
SA = (2. π. R. h +	(2. π. r. h	 
= (2. π. h. (R + r 
where R is the outer radius of the hollow fiber, r is the inner radius of the hollow fiber, 











Table E.1: the defined resistances used in the experiment 
Point Resistance > Point Resistance > 
1 10222 + 26 1 0 
2 8222 2000 27 2 1 
3 6222 2000 28 5 3 
4 4222 2000 29 10 5 
5 2222 2000 30 22 12 
6 1122 1100 31 32 10 
7 1022 100 32 52 20 
8 922 100 33 72 20 
9 822 100 34 92 20 
10 722 100 35 112 20 
11 622 100 36 222 110 
12 522 100 37 322 100 
13 422 100 38 422 100 
14 322 100 39 522 100 
15 222 100 40 622 100 
16 112 110 41 722 100 
17 92 20 42 822 100 
18 72 20 43 922 100 
19 52 20 44 1022 100 
20 32 20 45 1122 100 
21 22 10 46 2222 1100 
22 10 12 47 4222 2000 
23 5 5 48 6222 2000 
24 2 3 49 8222 2000 




Appendix F:  
Electrochemical Impedance Spectroscopy (EIS) Analysis 
The initial guesses for the iterative procedure of the EIS analysis for the LTA+ICFCs are presents in the Tables F+1+F+6. 
Table F.1: The initial guessed values (“seed values”) of capacitance of CPE1 and CPE2 of the impedance spectra acquired from 700°C, no He  
Cell identity pts Rohmic Rlowfreq Relectrode1 Relectrode2 "mid point" frequency \ZCPE = 1/Y0(jω)< Cimpf,total 1/Cf=b CPE1 CPE2 
C2 before 50 7.02 9.03 1.0 1.0 45.35 2.01 0.0025 396.4 0.005 0.005 
C2 after 50 7 8.8 0.9 0.9 33 1.8 0.0039 258.3 0.008 0.008 
C1 before 50 4.2 6.1 1.0 1.0 25 1.9 0.0048 206.6 0.010 0.010 
C1+1(6.5min) 50 3.5 7.2 1.85 1.85 202 3.7 0.0003 3250.3 0.001 0.001 
C1+2 50 3.5 7 2.5 1.75 202 3.5 0.0003 3074.6 0.001 0.001 
C1+3 50 3.5 5.2 0.9 0.9 202 1.7 0.0007 1493.4 0.001 0.001 
C1+4 50 3.5 7.5 2.0 2.0 202 4 0.0003 3513.8 0.001 0.001 
C1+5 50 3.3 6.8 1.8 1.8 202 3.5 0.0003 3074.6 0.001 0.001 
C1+6 50 3.2 6.3 1.6 1.6 202 3.1 0.0004 2723.2 0.001 0.001 
C1+7 50 3.2 6.3 1.6 1.6 202 3.1 0.0004 2723.2 0.001 0.001 
C1+8 50 3.6 6.3 1.4 1.4 155 2.7 0.0005 1820.0 0.001 0.001 
C1+9 50 3.2 6.3 1.6 1.6 115 3.1 0.0006 1550.3 0.001 0.001 
C1+10 50 3 6.2 1.6 1.6 152 3.2 0.0005 2115.2 0.001 0.001 
C1+11 50 3 6 1.5 1.5 49 3 0.0016 639.3 0.003 0.003 
C1+12 50 3 5.5 1.3 1.3 37 2.5 0.0025 402.3 0.005 0.005 
C1+13 50 3 5.5 1.3 1.3 28 2.5 0.0033 304.4 0.007 0.007 
C1+14 50 3 5.5 1.3 1.3 21 2.5 0.0044 228.3 0.009 0.009 
C1+15 50 3 5.2 1.1 1.1 21 2.2 0.0050 200.9 0.010 0.010 
C1+16 50 3 5.2 1.1 1.1 21 2.2 0.0050 200.9 0.010 0.010 
C1+17 50 3 5.1 1.1 1.1 16 2.1 0.0068 146.1 0.014 0.014 
C1+18 50 3 5.1 1.1 1.1 16 2.1 0.0068 146.1 0.014 0.014 
C1+19 50 2.7 5 1.2 1.2 16 2.3 0.0062 160.0 0.012 0.012 
C1+20 50 2.7 6.2 1.8 1.8 9 3.5 0.0073 137.0 0.015 0.015 




Table F.2: The initial guessed values (“seed values”) of capacitance of CPE1 and CPE2 of the impedance spectra acquired from 750°C, no He  
Cell identity pts Rohmic Rlowfreq Relectrode1 Relectrode2 "mid point" frequency \ZCPE = 1/Y0(jω)< Cimpf,total 1/Cf=b CPE1 CPE2 
C2 before 50 2.2 2.4 0.1 0.1 7 0.2 0.164 6.1 0.328 0.328 
C2 after 50 2.2 2.4 0.1 0.1 7 0.2 0.164 6.1 0.328 0.328 
C1 before 50 2.3 2.8 0.3 0.3 25 0.5 0.018 54.4 0.037 0.037 
C1+1 50 2.4 2.7 0.2 0.2 202 0.3 0.004 263.5 0.008 0.008 
C1+2 50 2.4 3.0 0.3 0.3 49 0.6 0.008 127.9 0.016 0.016 
C1+3 50 2.4 3.0 0.3 0.3 625 0.6 0.001 1630.8 0.001 0.001 
C1+4 50 2.4 2.8 0.2 0.2 355 0.4 0.002 617.5 0.003 0.003 
C1+5 50 2.4 2.6 0.1 0.1 202 0.2 0.006 175.7 0.011 0.011 
C1+6 50 2.2 2.6 0.2 0.2 202 0.4 0.003 351.4 0.006 0.006 
C1+7 50 2.2 2.5 0.2 0.2 268 0.3 0.003 349.6 0.006 0.006 
C1+8 50 2.2 2.5 0.2 0.2 268 0.3 0.003 349.6 0.006 0.006 
C1+9 50 2.2 2.5 0.2 0.2 202 0.3 0.004 263.5 0.008 0.008 
C1+10 50 2.2 2.5 0.2 0.2 152 0.3 0.005 198.3 0.010 0.010 
C1+11 50 2.2 2.5 0.2 0.2 152 0.3 0.005 198.3 0.010 0.010 
C1+12 50 2.2 2.9 0.4 0.4 115 0.7 0.003 350.1 0.006 0.006 
C1+13 50 2.2 2.6 0.2 0.2 202 0.4 0.003 351.4 0.006 0.006 
C1+14 50 2.2 2.6 0.2 0.2 202 0.4 0.003 351.4 0.006 0.006 
C1+15 50 2.2 2.6 0.2 0.2 202 0.4 0.003 351.4 0.006 0.006 
C1+16 50 2.2 2.5 0.2 0.2 202 0.3 0.004 263.5 0.008 0.008 
C1+17 50 2.1 2.4 0.2 0.2 202 0.3 0.004 263.5 0.008 0.008 
C1+18 50 2.0 2.2 0.1 0.1 625 0.2 0.002 543.6 0.004 0.004 
C1+19 50 2.0 2.2 0.1 0.1 1456 0.2 0.001 1266.4 0.002 0.002 
C1+20 50 2.1 2.5 0.2 0.2 1456 0.4 0.000 2532.7 0.001 0.001 
C1+21 50 2.1 2.9 0.4 0.4 37 0.8 0.008 128.7 0.016 0.016 
C1+22 50 2.1 2.9 0.4 0.4 625 0.8 0.000 2174.4 0.001 0.001 
C1+23 50 2.2 2.9 0.4 0.4 202 0.7 0.002 614.9 0.003 0.003 
C1+24 50 2.1 4.2 1.1 1.1 7 2.1 0.016 63.9 0.031 0.031 
C1+25 50 2.2 3.8 0.8 0.8 9 1.6 0.016 62.6 0.032 0.032 
C1+26 50 2.2 3.8 0.8 0.8 12 1.6 0.012 83.5 0.024 0.024 
C1+27 50 2.2 3.7 0.8 0.8 16 1.5 0.010 104.4 0.019 0.019 
C1+28 50 2.2 3.5 0.7 0.7 21 1.3 0.008 118.7 0.017 0.017 
C1+29 50 2.2 3.4 0.6 0.6 37 1.2 0.005 193.1 0.010 0.010 
C1+30 50 2.2 3.3 0.6 0.6 28 1.1 0.007 133.9 0.015 0.015 
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Table F.3: The initial guessed values (“seed values”) of capacitance of CPE1 and CPE2 of the impedance spectra acquired from 800°C, no He  
Cell identity pts Rohmic Rlowfreq Relectrode1 Relectrode2 "mid point" frequency \ZCPE = 1/Y0(jω)< Cimpf,total 1/Cf=b CPE1 CPE2 
C2 before 50 4.3 5.4 0.55 0.55 49 1.1 0.004 234.4 0.009 0.009 
C2 after 50 4.8 6.8 1.0 1.0 49 2 0.002 426.2 0.005 0.005 
C1 before 50 3.4 4 0.3 0.3 49 0.6 0.008 127.9 0.016 0.016 
C1+1 50 3.4 3.5 0.1 0.1 6.87 0.1 0.335 3.0 0.669 0.669 
C1+2 50 3.4 3.5 0.05 0.05 86 0.1 0.027 37.4 0.053 0.053 
C1+3 50 3.3 3.4 0.05 0.05 49 0.1 0.047 21.3 0.094 0.094 
C1+4 50 3 3.3 0.15 0.15 49 0.3 0.016 63.9 0.031 0.031 
C1+5 50 3 3.3 0.15 0.15 6.87 0.3 0.112 9.0 0.223 0.223 
C1+6 50 3.5 3.8 0.15 0.15 3.91 0.3 0.196 5.1 0.392 0.392 
C1+7 50 3 3.3 0.15 0.15 9.1 0.3 0.084 11.9 0.168 0.168 
C1+8 50 3.3 3.5 0.1 0.1 1098 0.2 0.001 955.0 0.002 0.002 
C1+9 50 2.8 3.5 0.35 0.35 87 0.7 0.004 264.8 0.008 0.008 
C1+10 50 3 3.5 0.25 0.25 152 0.5 0.003 330.5 0.006 0.006 
C1+11 50 2.8 3 0.1 0.1 625 0.2 0.002 543.6 0.004 0.004 
C1+12 50 2.8 3 0.1 0.1 625 0.2 0.002 543.6 0.004 0.004 
C1+13 50 2.8 6.2 1.7 1.7 2.2 3.4 0.031 32.5 0.061 0.061 
C1+14 50 2.8 3.7 0.45 0.45 28.12 0.9 0.009 110.1 0.018 0.018 
C1+15 50 3 3.7 0.35 0.35 65.51 0.7 0.005 199.4 0.010 0.010 
C1+16 50 2.8 3.4 0.3 0.3 49.42 0.6 0.008 129.0 0.016 0.016 
C1+17 50 2.8 3.3 0.25 0.25 86.85 0.5 0.005 188.8 0.011 0.011 




Table F.4: The initial guessed values (“seed values”) of capacitance of CPE1 and CPE2 of the impedance spectra acquired from 700°C, with He  
Cell identity pts Rohmic Rlowfreq Relectrode1 Relectrode2 "mid point" frequency \ZC = 1/Y0(jω)< Cimpf,total 1/Y0=b CPE1 CPE2 
C2 before 50 3.1 3.3 0.1 0.1 152 0.2 0.00756 132.2 0.01513 0.01513 
C2 after 50 3.1 3.3 0.1 0.1 152 0.2 0.00756 132.2 0.01513 0.01513 
C1 before 50 37.0 53.0 8.0 8.0 7 16 0.00205 487.1 0.00411 0.00411 
C1+1 50 32.0 42.0 5.0 5.0 202 10 0.00011 8784.5 0.00023 0.00023 
C1+2 50 31.0 40.0 4.5 4.5 202 9 0.00013 7906.1 0.00025 0.00025 
C1+3 50 31.0 39.0 4.0 4.0 355 8 0.00008 12350.5 0.00016 0.00016 
C1+4 50 29.0 39.0 5.0 5.0 355 10 0.00006 15438.2 0.00013 0.00013 
C1+5 50 28.0 44.0 8.0 8.0 152 16 0.00009 10576.2 0.00019 0.00019 
C1+6 50 28.0 40.0 6.0 6.0 65 12 0.00029 3392.1 0.00059 0.00059 
C1+7 50 28.0 40.0 6.0 6.0 355 12 0.00005 18525.8 0.00011 0.00011 
C1+8 50 28.0 40.0 6.0 6.0 268 12 0.00007 13985.7 0.00014 0.00014 
C1+9 50 27.0 40.0 6.5 6.5 268 13 0.00007 15151.2 0.00013 0.00013 
C1+10 50 27.0 40.0 6.5 6.5 355 13 0.00005 20069.6 0.00010 0.00010 
C1+11 50 26.0 40.0 7.0 7.0 152 14 0.00011 9254.2 0.00022 0.00022 
C1+12 50 26.0 40.0 7.0 7.0 152 14 0.00011 9254.2 0.00022 0.00022 
C1+13 50 25.0 39.0 7.0 7.0 152 14 0.00011 9254.2 0.00022 0.00022 
C1+14 50 26.0 40.0 7.0 7.0 202 14 0.00008 12298.4 0.00016 0.00016 
C1+15 50 27.0 38.0 5.5 5.5 202 11 0.00010 9663.0 0.00021 0.00021 
C1+16 50 24.0 43.0 9.5 9.5 28 19 0.00043 2313.6 0.00086 0.00086 
C1+17 50 24.0 43.0 9.5 9.5 49 19 0.00025 4048.7 0.00049 0.00049 
C1+18 50 24.0 42.0 9.0 9.0 65 18 0.00020 5088.1 0.00039 0.00039 
C1+19 50 25.0 41.0 8.0 8.0 65 16 0.00022 4522.7 0.00044 0.00044 




Table F.5: The initial guessed values (“seed values”) of capacitance of CPE1 and CPE2 of the impedance spectra acquired from 750°C, with He  
Cell identity pts Rohmic Rlowfreq Relectrode1 Relectrode2 "mid point" frequency \ZC = 1/Y0(jω)< Cimpf,total 1/Y0=b CPE1 CPE2 
C2 before 50 2.3 2.6 0.15 0.15 0.077 0.3 9.95452 0.1 19.90904 19.90904 
C2 after 50 2.3 2.4 0.05 0.05 2.95 0.1 0.77949 1.3 1.55898 1.55898 
C1 before 50 65 80 7.5 7.5 3.4 15.0 0.00451 221.8 0.00902 0.00902 
C1+1 50 40 60 10 10 65 20.0 0.00018 5653.4 0.00035 0.00035 
C1+2 50 40 60 10 10 355 20.0 0.00003 30876.4 0.00006 0.00006 
C1+3 50 40 64 12 12 115 24.0 0.00008 12002.6 0.00017 0.00017 
C1+4 50 41 58 8.5 8.5 1456 17.0 0.00001 107641.1 0.00002 0.00002 
C1+5 50 42 55 6.5 6.5 1098 13.0 0.00002 62074.5 0.00003 0.00003 
C1+6 50 40 55 7.5 7.5 1098 15.0 0.00001 71624.5 0.00003 0.00003 
C1+7 50 40 55 7.5 7.5 625 15.0 0.00002 40769.8 0.00005 0.00005 
C1+8 50 40 55 7.5 7.5 828 15.0 0.00002 54011.9 0.00004 0.00004 
C1+9 50 40 55 7.5 7.5 1930 15.0 0.00001 125897.3 0.00002 0.00002 
C1+10 50 38 50 6 6 1098 12.0 0.00002 57299.6 0.00003 0.00003 
C1+11 50 38 55 8.5 8.5 1098 17.0 0.00001 81174.4 0.00002 0.00002 
C1+12 50 38 55 8.5 8.5 1930 17.0 0.00001 142683.6 0.00001 0.00001 
C1+13 50 32 45 6.5 6.5 1456 13.0 0.00001 82313.8 0.00002 0.00002 
C1+14 50 30 40 5 5 13894 10.0 0.00000 604219.9 0.00000 0.00000 
C1+15 50 30 40 5 5 5963 10.0 0.00000 259317.9 0.00001 0.00001 
C1+16 50 28 38 5 5 2559 10.0 0.00001 111285.4 0.00002 0.00002 
C1+17 50 27 37 5 5 1456 10.0 0.00002 63318.3 0.00003 0.00003 
C1+18 50 26 36 5 5 2559 10.0 0.00001 111285.4 0.00002 0.00002 
C1+19 50 26 36 5 5 1930 10.0 0.00001 83931.5 0.00002 0.00002 
C1+20 50 26 32 3 3 2559 6 0.00001 66771.2 0.00003 0.00003 
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Table F.6: The initial guessed values (“seed values”) of capacitance of CPE1 and CPE2 of the impedance spectra acquired from 800°C, with He  
Cell identity pts Rohmic Rlowfreq Relectrode1 Relectrode2 "mid point" frequency \ZC = 1/Y0(jω)< Cimpf,total,Y0 1/Y0=b Y0,1 Y0,2 
C2 before 50 2.4 3.6 0.6 0.6 1.7 1.2 0.114062 8.8 0.22812 0.22812 
C2 after 50 1.8 2.4 0.3 0.3 3.9 0.6 0.098269 10.2 0.19654 0.19654 
C1 before 50 80 115 17.5 17.5 268 35 0.000025 40791.6 0.00005 0.00005 
C1+1 50 60 80 10 10 37 20 0.000311 3218.1 0.00062 0.00062 
C1+2 50 58 70 6 6 152 12 0.000126 7932.2 0.00025 0.00025 
C1+3 50 58 67 4.5 4.5 202 9 0.000126 7906.1 0.00025 0.00025 
C1+4 50 58 68 5 5 471 10 0.000049 20482.8 0.00010 0.00010 
C1+5 50 58 68 5 5 471 10 0.000049 20482.8 0.00010 0.00010 
C1+6 50 58 80 11 11 115 22 0.000091 11002.4 0.00018 0.00018 
C1+7 50 58 80 11 11 471 22 0.000022 45062.1 0.00004 0.00004 
C1+8 50 58 80 11 11 355 22 0.000029 33964.0 0.00006 0.00006 
C1+9 50 58 80 11 11 625 22 0.000017 59795.8 0.00003 0.00003 
C1+10 50 58 65 3.5 3.5 10480 7 0.000003 319026.7 0.00001 0.00001 
C1+11 50 57 65 4 4 10480 8 0.000003 364601.9 0.00001 0.00001 
C1+12 50 57 65 4 4 5963 8 0.000005 207454.3 0.00001 0.00001 
C1+13 50 56 65 4.5 4.5 10480 9 0.000002 410177.2 0.00000 0.00000 
C1+14 50 50 60 5 5 7905 10 0.000003 343771.3 0.00001 0.00001 
C1+15 50 47 57 5 5 3393 10 0.000007 147554.2 0.00001 0.00001 
C1+16 50 44 50 3 3 13894 6 0.000003 362531.9 0.00001 0.00001 






The Rate of Charge Transfer 
 
The rate laws 
Because the redox processes at the electrode involve the transfer of one electron per 
reaction event, the current density arising from the redox processes are the rate 
multiplied by the charge transferred per mole of reaction (Faraday’s constant) [162]. 
For one elementary step electrochemical reaction (the reduction):  
 
                                          Ox +	e& ↔ Red                             Eq. (G.1) 
according to the rate laws [164], the rate of reduction of Ox, νOx, is 
ν = k8[Ox] 
and a cathodic current density of magnitude is 
i8 = Fk8[Ox] 
For the oxidation 
         Red ↔ Ox +	e&                       Eq. (G.2) 
the rate of oxidation of Red, νRed, is 
ν
6 = kP[Red] 
and an anodic current density of magnitude is  
iP = FkP[Red] 
Where 
 Ox is  oxidised species 
 Red is  reduced species 
 kc is  cathodic reaction rate constant 
 ka is  anodic reaction rate constant 
 F is  Faraday’s constant 
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Regarding Thermodynamic aspects of fuel cells, empirical approach in which the 
activation process is expressed in terms of thermodynamic functions is used. In 
chemical engineering analysis, reaction rates are often described by the Arrhenius 
relationship [167]. 
     k = A. exp − 
$            Eq. (G.3) 
Where  
 k is the reaction rate 
 A is a pre+exponential factor 
 E is the activation energy 
R is the gas constant and 
T is the absolute temperature. 
The form of kinetic expression of electrodes in fuel cells is the same as that for 
chemical reactions [165]:  
                k = kõ. exp n− 
$o                                     Eq. 
(G.4) 
Where  
kõ is the rate constant where there is no electric field across the 
electrode/electrolyte interface, cm/s [165, G.1] 
G is the free energy of activation. 
In the activated state (transition state) [161], the effect of the electric field is only a 
fraction of that energy of the initial state. Thus, the rate cconstant can be written in the 
form: 
     k = kõ. exp n− öL




β is referred to as the symmetry factor, and it represents a fraction of the field 
which changes the potential energy of the activated state when there is a 
potential E (Volts) across the interface. 
n is the number of electrons transferred in th reaction. For elementary step, n is 
most of the time 1, it is unusual to have more than 1 electron involved in an 
elementary step [162]. 
The rate of an electrochemical reaction at an electrode/electrolyte interface is expressed 
as a current density (A or mA/cm2) and is measured at a constant temperature [166, G.1]: 
                    r = SL 	= 	 kõ. C. exp n− 
$o                                   Eq. 
(G.6) 
Where 
r is  reaction rate, mol/s.cm2 
i is  current density, A/cm2 
C is  the reactant concentration, mol/cm3 
For the anodic reaction in Eq. (3.9), the reaction rate is expressed as: 
                                           rP = SlL 	= 	 kPõC
. exp n− l(%&öL
$ o                       Eq. (G.7) 
For the cathodic reaction in Eq. (3.9), the reaction rate is expressed as: 
                                                   r8 = SEL 	= 	 k8õC. exp n− öL
$ o                   Eq. (G.8)  
The net current (i = ia + ic) is the difference between the anodic and cathodic current: 
  r	 = rP −	r8 = SL 	= 	kPõC
. exp n(%&öL
$ o −	k8õC. exp n− öL
$ o        
Eq. (G.9)    
Where 
 r is the net rate of reaction 
ra is the rate of the anodic reaction 
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rc is the rate of cathodic reaction 
CR is the concentration of reduced species 
CO is the concentrtaion of oxidised species. 
At equilibrium, the net curent density is zero but the rates of the anodic and 
cathodic reactions are not zero. The magnitude of both anodic and cathodic currents are 
the same and it is called exchange current density (i0). The exchange current density for 
a fuel cell is defined as the current density in either direction at reversible conditions. 
This occurs at zero overvoltage when the anodic and cathodic currents are equal [G.2]. At 
equilibrium, the net reaction rate is zero since both forward and reverse reactions are 
taking place at a rate which is characterised by i0.  
The effect of αc on current density is shown in Figure G.1. It is catagorised into three 








Figure G.1:  The effect of the value of αc on the current density 
[166] 
(1) αc = 0.25, oxidation is favoured 
(2) αc = 0.50, reactions are symmetrical and 
(3) αc = 0.75, reduction is favoured 
 
